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Preface

Advanees i aireraft system technology, the greater speed and manocaveability of combat aireralt, the inereased
complexity und sophistication of the projected combat environment, together with an increased amount of information
presented to the pilot, has led to new demands on him, These factors are added 10 the elassical environmental changes which
tighter pilots already bad 1o face i the pust, Tnorder o respond approprintely, o high level of situntional awareness has (o be
maintained.

Avintors' situational awirengss in this context [s a cognitive state that is 6 cambinntion of two items, namely:

~tetical awateness, that means an awareness of the constantly changing threat environmend, and
-~ spatial orientation, meaning un awareness of the constantly changing sireraft orientation and position in spaee,

In onder to review the developments and research activities which are relinted to situational awareness in the NATO
coutries the AGARD Acrospace Mudiend Banel hasinitized this Syompesium. Maity opies were considered. Phese inelided:

- Delinition of conditions which may tead to loss of pilot situntionsd uwareness;
- Methods wassess situational gwareness, both in the laboratory and in fight
—  Fresemation of informution in the cockpit;

—  Pereeption of information, airerew performanee and training methods,

Some of the dauti and conclusions prosented at this Symposium are of a preliminary nature and indicate that further
researeh is needed, Furthermore there is evidenee that human factors are still notconsidered sutficiently during the dusign stupe
of advanced fighter aireralt cockpits, I is hoped thut the information provided in this volume will e introduced into futare
wirernltweehnology and flight procedures and thus satisty the necds ot the NATO countties.

«

Les progres réulisés duns fes teehnotogies des systemes avioniques, fa vitesse ef Lo miniabilité acerues des adronets de
combat, lw complexitd et Tu saphistication toujours eroissuntes de Penvivannement de combat des seénarios de guerre, of e
volume aceru dinformations présentd aa pilote ne font quialousdie sa chiege de ravail, En outre, o ees elemeiits sont o
ajouter aus modifications elassiques de Fenvironnemient du Fadronef que les pilotes de chisse ont déjitaftrontees dims le passe,

Dinisees conditions, le pilote doitmaintenis s pereeption de b sitaation o tres buntniveausil veut foumin une iéponse
. . appropride.

Ve sous cetangle, T pereeption de b situaton par Faviateur estun ¢t copnitit composé de deus clements, it sivoin:

lsensibilité taetigue, Cestadire fa prerception de Penvironnement due la meniee, qui est e constante evalution,
Forientastion spatiate, c'est 4 dire I pereeption de Forfentition et de lnposition de Fadronel dans Pespace i tout
thomeil,

1 Panclde Médecine Advospatiale de FAGARD t organisé ce Symposium pour faire ke point des dévelappenents et des
activitds e recherehe eeliils i o pereeption de Ta sitwation gui sont en cours dans Jes pays membres Ge PFOTAN, [y
nombreuses guestions ot ¢é teaitdes lors du Symposium, parmi lesquelles on distingue:

In définition des conditions qui risquent de conduire ivune dégradation de kpereeption de b sitation voire méme i
I perte de connnissunee,
== les méthodes d'évaluntion du fa peeeepton de Lusituation, tant en laboratoire qu'en vol,
I présentadion des informations au pilate,
la pereeption des informations, les performances dus équipages et les méthodes denteinenent.

Certnines affirnutions ou conclusions présentées lors du Sympositm seraient de nature préliminaire, appelant ainsi des
trivinux de recherche plus approfondis et ceel dautant plus que fn preave existe que les fucteurs bumains ne sont pas
sulfisumment pris en considérution lors de la phase d'études des postes de pilotoge des wvions de combat de technologic
avanede,

I est it espérer que les iformations contenues dans ce solume seront incorpordes dans les futures technologies
acranuutiques. ainsi que duns tes procddures de vol, afin de répondre wux besoins des pays niembres de FOTAN,
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OPENING CEREMONIES

Mo jor Genersl Knud JESSEN, M.0., D.A.
Director Genernl Medical Services
Danish Defence Command
P.0. Box 202
DK-2950 VEDBAEK
Danmerk

Mr, Choirman, distinguished collegues, ladies and gontlemen,

On behalf of the Chlef of Defence it io my privilege to welcome all of you to Copenhasgen to thin
AGARD/AMP nymponfum on STTUATIONAL AWARENESS IN AEROSPACT OPERATIONS.

It {u. however, much more than n privilege to welcome your it is a very personal pleasure to see no
muny Joud colleaguen end friends In my own city - and to bhave eapecially Lhis topic on Lhe agonda,

Probalily due to my rathor hravy background in the clinical parl of medicino 1t has always been obvioogs
to me that an ACROSPACE MEDICINE PROGRAM nhoulrd promote and maintain phyelcal wnd montal development,
henlth, and survivel (which in the definttion an ENVIRONMENTAL HEAL TH mnde by WHO).

I other words: AFROSPACE MIDICING should primarily be concerned with our elientn' state of complote
phyaienl, montal and socisl well-being - and not wmerely the preosence or absonce of dinease or
infirmary,

So, btalking about pilots, AFROSPACE MEDICINE basically concornn iteelf with the offoets of the
noroopace environmant on pllal pecformance. The internclion between the pilot and hin work envieranmont
hap tn bo studieds The buman Factors, bumen poanaibilHtios, capnbilitiss, and limitations on one aideg
the milinu, techoiewl and phyaical, on the othor. thia s olso called the MAN/MACIHINE INTEREACE,

fhis ponsible controverny began already - more then 10 yoarn ago - to create anxiely and worry due to a
ponsible lack of bolonce batwoen ‘he human capsabilities ond the demands ta thin performaoee while
werking tn the corkplt In the Cuture high performance fighters, Would the pilat be the Timiting Coctor?
Would we hove to ook Tor somo super-creatures ot the selectionn?

Fuerybody knows that our high performance Cightern are atill Clown by wen. Bul it in aloo knowo That
the development ban lmposed a remendou: worklond on these pilots, Both phynieal snd poychalogieal, And
the neroopace madicel field han had to deal with this development, thin new rhallenge to our
prafednion,

Thig e.q. ean he acen, i you road the topten tincunsed ot the AVRUSPACT MEDICAL PANCL MEETINGY of
AGARD during these last M) years: A development of the taauea of anteroat from more bradllional topien
to highly complex aresn with contribut ion of authors and institations from the ponemedicnt, highly
teehnological world around aviat lun,

fa the pilot Lhe Jimiting factor In high performanee Fightor operat tonn? Ty he oo Timiting taday? o
the machine too complex For o buean to cope with?

The former Diroctor uf AGARD, Dr lrving Statler, prosented Jaot yoar o bricfing lo the MUitary
Committoe of NATO en thin topic. On the modern air combet pulting enormous oleeon on the pilot '
abllity to absorb and mannge {nformation from multiple aourcoss rndar, eloctranie warfare syntomn, the
Julnt Tactical Information Distribution Gyatem snd so ony e convern wae nnd s for the working
unvirotment of the modern militnry pllot and for the ability of this sandmachine syntem Lo pertorm ta
wnsignoed mianlon. In particular for the Furopenn ncoen of air eperationn whiceh s choracteriomd an o
highly sophiaticated throat snvivonmont, mostly in bad metovralogical conditions, snd svor all klnds of
obatoclen. The pllol must fly low wnd fast to vurvive, exponing himsel€ to high G-foreen imposed  him
with a very high rate of onoot, he is almost exclusively oceuplod with the taoks of flight path contyol
or of monitoring the pecfotmance of o tecrainfollowing wyalem, Neverthonless, the pitot musl antitl
monftor Clight data, alveraft nystems, Fuel monagemont and oovigab bong the status of threats amd the
toetical mituntion, He must aloo perform taoko including mabagement of clectronice countermeasuren,
wraponn, commur ieations, and target-ident f Fieat Lon and denignat ion ayntoma.

During o brief period ot timn, all of these functions must bo careloed out simcibaneounly. But, some of
them require the pllot Lo view The outside seene while others require his sttention ta the cockpil
dinplays,

The rale of the flight nurgeon in future eernapace medicine in ap vomplox ae future Tlghter aviat (on.
The crlients of the flight surgeon will be specleliste in a very technological and nophinticated
snvironment amponing a lot of mental and physical strenn - while nirborn or on ground. The pllots will
be confronted with teams of technologists, ehgineers, wnd physiciang, who together will try to crente
Lhe mont effertive man/maching interaction: o weapon plat form.
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The very roprd evolution in nvialion through the lant 10 yenrs has moved the nerospace medicioe Crom
mattors dealing with traditiooal mediral work to o complex wheee our elient - the pilot - eanily can be
a victim of the eovironmental threat and streoan. lle will be o peet of the man/mochine progeam, o
vontroller of o weapon plal form and ag soch confronted with tonms of planoecs,  desugoera, soginenes,
otc,

Aerospace medical resoarch endeavors to  iovestiguto the very Llimitn of bumon tolerance to the
environment created by advancod aerospsre enginooring, The foremost aim of thin medival teseareh i to
enhance performance and snaure the anfety of the crows axposnd to The onviconments that exeerd homarn
tolerance,

But as long au the pilot is a human, the Flight aurgeon will nlso be redponnible Tor his henlth - which
as montioned means bhiw atate of phynical, montal, and social well-boing, The vast dovelopment in
technotogy has not changed the principles of the WHD declaration. Aevospace Medicine will protect the
pilot againat being nol only thn limiting factor of the weapon platform - bBut even the looner do this
gamo,

Ag writtan in the thome for this moeting, "Aviator situatioonl owsreness inoa conbinat ton of toet teal
awnreness and spatial orientation. In ovdor La reapond appropristely, combat avietors mmt malolain o
high level of situationnl awarchena.

Innovat.ive buaic and applied rensarch bring carried out on Lhin topic ds giving new tonight which will
result in improved information presentation and thus make optimal une of humen intormal fon procesning
and desision-making capabilities",

It s mors important than ever thet tha flight surgenns tole in thie research (o dnplemeolod in the
ontire systom through all posnible channels in order to secure the blologieal intersat of the humen in
this technnlogical world.

1 wish Llhe Aerospacs Mpdical Panel of AGARD good luck wilh this challenge and - cortainly - you nll a
very good week in Copenbagen.
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STTUATTIONAL AWARENESS IN AFROSPACE OPERATIONS
ONLY A PILOT's CHALLENGE?

hy

Christian Hide, Colonel, RDAF
Chict ot Sl Yactical Air Conimand
Kamp Air Buse
Kolven, Kamp
DK 7470, Denmark

Since man realized that birds could fly, he has wanted to do so himself. It took us
thousands of years to get there, and aver since wa learned the basics - and understood
the basics behind the basics ~ the development in aerospace operations has been overwhelm-
ing. Normally we want evolution - in order to be able to master development. Within the
field of serospace we have been forced to acceﬁt revelution in order to cope with the
progress in aviation at large, It took 1ess than 756 years to go from the first flight of
man and onto the first human step on the surface of the moon,

This development fs really astonigshing and to be honest - alsoc slightly frightening,
can we keep up the pace and hopefully keep the human being on top and thereby ahead of
the davelopments 1n 2erospace activities, not least in aerospace medicine? The keynote
address to this symposium will center on the way ahead., The experts have learned a 1ot
fram history, We have to preserve 111 this knowledge and transform it beyond our present
state of the art to make sure, that the aerus?ace establishment, including all the players
from scientists to amateur pliots. will be able to cope with the situation « no matter {f
it 19 a question of safe passenger transportation or efficient military air operations {n
order to maintain peace and democracy.

Aerospace operations have now evolved so far that people who fear flying, must fly
anyway, 1f they want to be full members of modern society. Aerospace operat{onu are part
of daify 11fe and almost any kind of m{litary operation. Aerospace operations are vita)
for environmental, scientific and space exploration purposes, and they constitute a sub-
stantial amount of public and private spending.

Lovking ahead -~ and looking at the AGARD overall objectives - the subject of this sym-
posium seems to be extiemely relevant,

"SITUATIONAL AWARENESS IN AEROSPACE OPERATIONS" touches on probably the single most
important 1ssue of all - common to us all, regardless of education, rank and cccupation,
1t the players involved in aerospace operations are not aware of thair own and their fel-
low operatars' situation - disaster is just around the corner,

For a great many years a substantial amount of effort was concentrated around making
objects fly, Thereaftsr {1t became quite clear, that it took a great deal of skill and
talent to fly these objects,

As flying developed into what we know today, we also learned that there §s no easy way
to safe and efficient aerospace operations. The accidant records are enormous., The chal-
Jenge ot leaving “terra firma" in the early days seems to have had 1ts own law of gravity,
Nobody - or more correctly few - accepted that 1t took more than talent {and a pood portion
of luck) to operate in the aerospace environment,

However, since the beginning of flight, mankind has stowly learned to adjust to the
gnormous chailenges of oplretln? alrplanes and spacecraft, The responsible organizations
have ?Ut a considerable effort into tra1n1n? taleanted pilots to become cfficient commanders
of reliable atrcraft, be they civilian or mi{litary.

It {s interesting to note the evolution in pilot sulection procedures. OQOuring the last
twenty years the leading nations within this field have been able to improve the rrodecures
to almost perfectifon., In the Royal Danish Afr Force the faflure rate of pilots cthat have
passed the inftial setection process i3 close to 5%, which {s extraordinary considering the
problems fnvolved, However, we must al) realize that the rea) challenge lies ahead, when
the trafning systom has to turn the remaining 95% of the student ptlots into safe and effi~
cient operatnrs.,

ABILITY (TALENT)

The {nitial selection process might be characterized as the measurement of basic know-
ledge and ability - or talent - to ?o through the whole process of pilot training with a
hgh probability of success, including lony lerm officiency and survival rate, We rate
not only the handling ski11s, but also deeper emotional and personality characteristica
in order to assure a Figh degree of success, both for the .rganization and for the indi-
vidual, A good example of just one very {mportant factor, that has baeen become increas-
ingly important, 1s the abi1ity to reject applicants with no or 1ittle tense of fear. In
the early days this kind of person was estimated to be Lhe hest type of candidate for pjlot
Cr:121ng. Now we know that a fearless piiot is a menace to his own and everyhody elses'
safety.

IRAINING

It 1y probably unnecessary to spend much time on the importance of training, In our day
and age 1t 1s generally accepted, that it takes & 1ot of effort and concentrated training
to become efficient in aerospace operations. The basics to build on is a certain amount
of knowledge and ability - or talent - as described above. However the training system has
bscome a very sophisticated one, capahle of exploiting and deve\opin? the talent within a
rather short span of time, so that the combination of talent and training evolves into the
basic skill of flying.
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PHYSICAL ENYIRONMENT (MAN/MACHINE /MAN)

The bastc flviag skil) will not bring anybody - anywhere - anytime - unless ft {s put
to use 1n a projcr man/machine interface, which provides the operator with the physicu?
environment ' cLessary for on time - day or night - delivery of passengers, weapons or maybe
spacecrafl ur satellftes, What is the perfect man/machine interface? Haven't we developed
the machines to perfectfon? Maybe so.

fut have we been able to develop ourselves to cope with the almost perfect machines?
These are extremely important factors fn our dealing with aerospace operations approaching
year 2000, A keynote address {3 too short to give a lot of answers, but long encugh to
raise a few questions

How are we going to preserve and maintain the basic flying skills in our new generation
of pilots flying airiine and air furce "eltectric Jets"? How will those pflots perform in
an gmergency {f they have to fly the good old manual way (no autopilot etc.)? How are the
crews going to perform when all the old airline captains have retired, with new young cap-
tains having non-experienced co-gilots with a grand total of approximately 300 flying
hours? How will the air force pilots be able to koeﬁ on going in the 9<G environment?

Do the scientists and engineers real1{ understand the needs and }imftations of the opera-
tors? These questions are great challenges to pflots, but probably even greater to a lot
of other people Involved in aerospace o?erltions.

For future work in this flield 1t wil) be necessary to emphasize the man/machine inter-
face more as a man/machine/man interface, thereby indicating that there 1s a third party in
the relationship, namely all the peogIe not directly involved in operating the machinery.
The human beings involved must be able to work together and "understand" what is going -
and what 1s not going - on,

PSYCHOLOGICAL ENYIRONMENT (MAN/MAN/MAN)

We are able to recruit sufficient people that possess the required amount of ability.
We have doveloped tra1n1n? systams and created physical environments almost to perfection,
but all thete efforts will be to no avail, unless the individuals involved are working in
a proper psychological environment,

We can measure, test and evaluate talent, skills and man/machine/man {nterfaces to a
very large extent, which gives us & good background for improvements and refining of hard-
ware and procedures. However, it must be realized that by far the most complex and unpre-
dictable factor fn the equation that leads to efficient and safe aerospace operations {s
missing, namo1{ the human being, The strongast comquter of all - the fragile human mind,
which 1s utterly strong in the right type of psychological environment, and corresponding-
1y weak when emotions, lack of concentration, complacency - a multitude of factors - may
suddenly degrade performance to a critical level.

This {s the real {ssue facing the symposium. This {s the key factor - around which
a major part of all thinking in this very important panel of the AGARD should concentrate,
How do we create a psychu1og1cal environment that leads to & fruitful exploitation of all
our knowledge and advances in the field of human abiVity, training systems und man/machine/
man interfaces? ! postulate that the overall answer to this question is the very subject
of this symposium:

SITUATIONAL AWARENESS
IN
AEROSPACE OPERATIONS

The subject {s fundamenta) in a1l our endeavours to reach the common goal of safe and
efficlent operations.

Therefore, - as the keynote author - 1 find, that the subject of the sympostum {s a
really brilliant one, I find that this title could be the hasic genera) title for all
meetings and symposia in the AGARD panel of aerospace medicine. Even {f we a1l are aware
of our own situation, we might not possess what 1s really incorporated into the expression
"s{tuational awareness". The span and scoge of this expression {s a delfcate and intriguiug

intriguing one. 1t contains so much that 1t 1s hard to come to grips with ft, In the
Danish language we lack a proper translation, As with quite a Few other expressions re-
lated to the sciences of aprospace, the English expression is by far the best.

What does 1t take to be able to be in control of the situation? It takes "a person"
with a goud deal of knowledge, abt1ity and training fn order to use the machinery - in the
physical environment provided - which will only be guss1b1e {f the human being performs in
a proper psychological environment, as has already been touched on before,

Flgure 1, {1lustrates the total caguc1t of & "situational awareness system" related
to one single person as indicated by the so{id square, The Interrelationship between the
main areas discussed earlior {s demonstrated by the arrows leading from ability through to
psychological environment,
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1t should be noted that while a direct relation axists betwecn abiltty, training and

physical enviraonment, there is no direct 1ink between these three areas and the psychole-

glcal environment. This phonomenon is 11lustrated in fig., 2, which shows that within a

given total) capacity, 1t {s possible tr compensate lack of training with a greater than

normal

inherent ability (or vice versa),
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The same relationship is apparent between training and physical envirunment as shown

in flg. 3, which indicates that a less than optimum physical environment can be compen-
sated by extra training {or vice versa).

Poguer 9
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As mentioned earlier the psychological environment is not directly linked to either
ability or physfcal environment - in other words a less than optimum psychological envi-
ronmerc cannot necessarily be compensated by above average ability or a perifect man/ma-
chine/man interface. However, it must be realized that a break-down in the psychological
environment might indirectly lead to an instantaneous disability (break-down or destruc-
tion of talent and/or skill{, possibly causing disastrous chains of events - ultimately
fatal accidents. On the contrary a person in an oqtimum psychological environment - a
person {in possession of situational awareness - will {n many circumstances be able to com-
penscte for flaws or break-downs in the other three areas.

1t goes without saying that a lot of effort must be put into the "situational aware-
ness” part of our understanding of our own situation and that of our fellow operators, be
i1t directly related to aerospace operations or equally important the research, planning
and groduction in support of such operations,

1t follows from the earlier discussion, that while it 4s possible to compensate for
weaknesses or strengths in ability, training and physica) ervironment, the psychological
environment {s much more of a stand-alone area. With the » volutfon in aerospace in mind,
we must realize that 1t ts utterly important to stay on t uncerning situational aware-
ness. This {s the only way to mafintain control, We must ve to improve the situational
awareness field by "expanding the single person total cope: -y".

This expansion {s {llustrated by fig. 4.
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It is my opinion, that the expansion as {llustrated, should not be regarded as an in-
dication of add-ons but rather as an expression of better exploitation of already inherent
capabilities, thereby improving the overall situational awareness.

What should we be looking for when developing the ability to attain and maintain situ-
ational awareness? The terrifying answer could very well be: Everything. The task {s
theoretically almnst ifmpossible, but fortunately we are dealing with the immense capabi-
14ty of the human mind. Experience has shown that we can get quite close to mastering
sttuational awareness, but 1t takes a lot of 1fstening, a Yot of discipiine and a Yot of
co-operation between {ndividuals involved,

Even though 1t 15 hard to spell out the main fssues involved in defining situatianal
awareness, | dare suggest the following list as good examples of some of the more {impor-
tant ones:

Listen to experience.

Keep priorities clear in relation to task.

Use common sense and swund judgement,

Know own limitations (stop before exceeding).

Set the example.

Be aware of other individuals' situation and limi{tations.
Be fit tor task,

As can be seen the subjects almost exclusively fit into the psychologica) environment
and they are thereby heavily dependent on the man/man/man interface.

Situatfonal awareness in aerospace opcrations has normally been related to flying
operations. But honestly - is i1t only a pilot's challenge? 1 postulate: Certainly not.
We are all equally involved. You as well as I have to maintain situational awareness.
We are basically all in the same boat as the operational aviators and spacefliers., The
immediate and personal consequences of los1n? situational awareness might obviously be
much more disastrous for the pilots, but could disaster be a result of some of us having
Tost situational awarenes:s in our capucfty as scientists, medical officers or ordinary
staff officers? The answer might very well be: Yes, we could be directly responsible.
By the way, have YOU ever driven a car, knowing very well tnat YOU were toc tired to
drive? Probably; in that case situational awareness was apparently lost.

Situational awareness is a challenge for every single individual involved in the
endeavours to develop and sustain safe and efficient aerospace operations. Let that
challenge Yead us on through this symposium and int- our future work within the auspices
of the Aerospace Medical Panel and the overall objectives of AGARD and NATO as a whole.
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Les déterminants de l'appréciation de la situation tactique et le
développement de systdémes d'aides ergonomiques.

Factors involved in tactlcal situation awareness

an
the future of support systems.

J.P. MENU & R, AMALBERTI
Centre d'Etudes et de Recherches de Médecine Aeosl?adnle (CERMA)
Département d'Ergonomle Aérospatizle
5 bis Ave de la porte de Sivres
Paris cedex 16, 75731, FRANCE

Summary ¢ The paper presents a review of Tactical Situation A ] ('I’SA? dies and discuss some possibilities to support
the pilot in the assessment of TSA by the mean of comruter-alds. 1t is divided (nto four sections: (1) an introductive di jon
highlights some differences between the concepts of spatial orientation ( static & absolute references to upright and horizontale),
situation awareness (absolute geographical references and dynamic evolution of the process) and wctical situntion awareness (relative
position of threats and dynamic evolution of the situation), (il) thus, & short review of the various factors involved in TSA is
presented (i) in order to propose a model of tactcal situation awareness ; (iiil) The paper concludes with the description of some
;:urrent or future ergonomic systems capable of Improving the tactical situation awareness. Special attention Is also pald to training
mprovements,
An extended english abstract Is included at the end of the paper,

i-Introduction

Les futurs avions de combat voleront plus viie, plus bus, par toutes conditions métécrologlques ou nycthémérales. Ils seront
dessinés pour faire face & des contextes opérutionnels et tnctigues de plus en plus complexes, notamment en Centre -Europe ( rapport
de force de 14 6, peut-bive 1 A 10, n sol et alr trds breuses avec partenaires et alliés mélangés & ces menases)
(Symposium Agard GCP-FMP 1988).

Dans cette situation, déjh partiellement existante, le rdle du pilote sera considérablement transformé (Menu & al, 1988):

- 11 1ouchera de moins en molns aux commandes de vol:

- il supervisera les automates chargés de l'assister dauns la conduite des systbmes (en fait, cette supervision seru plus réduite qu'on
:e pe;n l)e pensar tant les automates sont complexes et empruntent des raisonnements non familiers par rapport aux raisonnements

uthains);

- enfin et surtout, il décidera des cholx stratégiques et tactiques, il choisira les alternatives ; c'est 1A la véritable justification de
son maintien & bord,

L'analyse est banale, le constat mille fols répété ¢n néronuutique (Morishidge, 1988; Smith & ,1988; Wiener, 1989;
Amalbertf, 1989); L'évaluation de lu situation taciloue sera un élément clé-sinon I'élément clé-du succes des missions
opérationnelies de 1'an 2000 ; elle expliquera presque toute ln variabilité inter-pilotes, tous les autres éléments du vol étant nivellés par
une technologle some toute comparable d'un pays A I'autre et d'un avion de méme génération & I'autre.

Pourtant, alors méme qu'un nombre considérable d'études resient développées sur le pt générnl d'orientation Spatiale {ou d
sa perturbation sous forme de désorientation sputiule), peu d'études sont consacrées b lu prise de conscience de la situation  dans
l'espace ¢t encore moins d'études concernent le concept de prise de conscience tactique de la sluation. Tout se passe comme si le
premier de ces concepts (orientation spatiale) éwit la triwluction scientfique exclusive du second (prise de conscience de la situation)
etque e Zalt de rajouter Je terme de "tactique” ne change pus grand chose a cet état de l'art,

Une analyse simple des facteurs mis en jeu démontrent toutes les ambiguités de ce réductionnisme scientitique.

L' prientation spatiale. repose sur la capacité de réaliser un positionnement par rapport A un référenticl fixe : les directions verticules
et horizontales de 'espace. Cet espace est lui-méme référencé de faﬁon fixe pur Ia terre. Lea études menées duns ce domaine e
réferent b la prise d'information visuelle et aux inieractions oeil-vestibule, La capecité d'orientalion su le maniement par le pilote
d'un modele de résolution des conflits perceptifs générés par les informations provenant de nos différents capteurs sensoriels, Ce
modéle repose sur 1' analyse de l'orientation spatiale pour un état momentand; en ce sens, il s'agit tgplqucmem d'un modele d'état
§p|r opposition 4 un modéle continu et dynam.ique nécessi 'intégration d'une ion d'4tats). On sait depuis Witkin que les
Ol

ndqidn}enll de ce modble perceptif peuvent dtre interprétés dans des termes plus généraux, notamment sous forme de véritables styles
cognitifs,
la

prise de consclence de Jaalinglion repose sur la capacité b se pusitionner géogmphlquemem par rapport b la terre et la capacité &
comprendre 1'évolution du processus. Elle suppose de 1a part du pilote la manipulation d'un modéle mental du processus; ce modéle
résulte de In transformation des états en fonctior du temps (modéle dynamique). Il est super-ordonné par rapport au modéle de
l'orientation spatiale (le pilote peut-dtre correctement orienté par rapport & In verticale et A Mhorlzontale et malgré tout &tre perdu !).
Quand ce mndéle est conforme au réel, on dit que le pilote a "compris” la situation. En retour, une bonne compréhension aide
considérsblement !'opérateur & résoudre les conflits sensoriels ponctuets (désorientations spatinles) générés par les situations
aéronautiques (efTet de feedback sur 'appréciation de la situation spatiale).

La Insituation tactiqus reposc sur la capacité de se positionner par rupron A un référentiel relatif (les umis
et les ennemis, compte tenu des buts poursuivis). L'analyse quemuole doit conduire nécessite de ralsonner sur des états
dynamiques du comportement des objets contenus dans I'univers (modéle de comportement dynamique des objets de l'univers,
encore appelé : modéle d'attentes ou "expectation model" dans la lttémture). L'appréciation de la situation tactque nécessite le bon
fonctionnement des deux niveaux précédents (appréciation de l'orientation spatiale et appréciution de l'orientation géographique
dynamique), mais inversement ne les nourrit pas en retour (ou trés peu); la compréhension de la scéne tactique ne facilite pas
{'sppréciation de la situation spatiale, et ne change pas la compréhension de l1a situation géogr,“ et de la trajectoire sulvie par la
machine, En bref, I'nppréciation de la situation tactique, dans la mesure ob elle est principalement référencée aux propriéiés
dynamiques des objets de l'univers (et non & Ia terre comme les deux premiers modilen), devient un tout autre objet d'étude, et
implique sans-doute des aides A 'opérateur trés différentes (type intelligence anificielle-copllow électronique).
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11 convient également de souligner que tout avion, et méme plus généralement tout mobile, pose les problémes de situation
spatiale. Ces problémes peuvent éire reconstruits au laboratoire et analysés selon les paradigmes expérimentaux classiques dans la
mesure oll i) s'agit de conflits sensoriels taches-indépendants (au fait prés que la neutralisation de la tache neutralise également les
feedbacks sur I'appréciation de la situation spatiale provenant de la compréhension de la scéne, fecdback tout & falt déterminants en
conditions habituelles).

Inversement la prise de conacience de Ia situation , et encore plus de Ia situation tactique, n'n pas de sens hors de Ia thche, Les
études de ces domaines sont donc nécessairement des études en situntions naturelles, éventuellement des études en simulateurs de
vol complets, mais en tout cas jamais des €tudes de laboratoires. Les outils méthodologiques A mettre en place sont différents, les
domaines scientifiques concernés sont également différents: psycho-physiologie, psychophysique, paychologie expérimentale dans le
cas de I'évaluation de In situntion spatinle, psychologie cognitive, ergonomie cognitive et les informatiques dans le cas de
I'appréciation de la situation tactique. Rappelons encore que la prise de consclence de la situation tactique est particuliérement
importante en nviation de combat mais qu'elle reste pertinente pour l'aviation civile, notamment pour les activités de vol A vue,
d'anticollisions en vol et de trafic aéropont (taxi-way, parking).

La suite de co texic reprend plus en détail les fondements des trols modeles décrits (§2) : modeles de Ia situation spatiale, du
ptocessus et de Ia situation tactique, avant d'en ser un résumé fonctionnel (§3) et d'en examiner les conséquences en termes
d'aides embarqués ou de programme de formation (§4).

2-Facteurs impliqu‘s globalemeat dans la prise de consclence de Ia situation
2-1 Facteurs impliqués dans l'orientation spatiale

La tAche de rllotale n'est pas une situation naturelle pour I'homme, Elle Im;;lique des évolutions rapides dans un univers
multidimensionnel. [1 psut en résulter danu diftérentes situations des conflits sensoricls générant des illusions sensorielles ou indme
des désorientations spatiales volre m&me A l'extréme un véritable mal de 'espace.

Un constat dolt &re fait d'emblée: on parle bsaucoup plus souvent de désorientation spatiale (analyse des facteurs perturbant
Y'orientation sg:dnle) éue d'orientation spatiale (analyse des facteurs produisa.it l'orientation spatiale), Régulidrement des constés
AGARD (CP 98, CP 287, voir par exemple pour une revue de synthése Colln, ou plus récemment les articles du CP 433)
prenant pour théme les désorientations spatiales ou le mal de l'espace, évoquent quels en sont leurs retentissement sur le pllotage et
présentent les moyens de les éviter vu de les contrer,

2-1.1 Mécanismes physiologiques de l'orientation spatiale, intermodaliié sensorielle et facteurs perturbants

L'orientation spatiale, telle que nous l'avons définie précédemment, impligue une perception de 1a verticale et de 'horizontale. En
aéronautique comme sur terre, elle est busée sur des mécanismes psychophysiologiques qui peuvent &tre perturbés par différents
facteurs externes, Ces deux aspects (conditions physiologiques et agressions spécifiquement aéronautiques) dolvent done &tre pris en
compte.

Chez 'homme, l'orientation spatiale dépend de 1'intégration de signaux lssus de I'ensemble des systdmes sensoriels: le s ysttme
visuel, le systdme vestibuluire, 1a proprioception, et & un niveau moindre I'audition. Alors que les yeux donnent une image
tridimentionnelle de l'environnement, le systéme vestibulaire informe sur les moivements linéaires ou angulairoy de In t8te. Les autres
rézepteurs de la proprioception donnent des informations sur la périphérie du corps. L'audition dont le role est limité sur terre dansles
mécanismes d'vrientation spatiale peut toutefols &tre utile en vol,

Depuls bien longtemps un coucensus existe g;mr indiquer que Ia vision est le systéme sensoriel privilégié de l'orientation spatiale.
Les r\!ﬁem posturaux et vestibulooculaires stabilisent limage rétinienne. Ces mécanismes sont de plus en plus précisément étudiés,
suriout sl l'on envisage 'utilisation b V'avenir de visuels et viseurs de casque (e.g.interactions stimulations vestibulaire particulidre sur
des tches de tracking visuel (Leger & Sandor, 1988),

Le vol sjoute aux modeles précédents la nécessité de prendre en compte les variatons du facteur gravitationnel, Ces changements
stimulent ;' systtme vestibulaire selon un mode inhabituel car non rencontrées pour un homme vivant sur terre. Ces stimulations
vestibulaizes Inhabituelles peuvent &tre A l'origing non seul de réflexes tibulaires mais aussi d'une modification de la
perception de la verticale (Graybiel & al, 1979).

2-1-2 Mécanismes normaux, Vision et orlentation spatiale

La vision est avec le sysidme vestibulaire I'un des deux systémes indispensables pour le positionnement du corps dans
Y'espace. Le réle respectif do Ia vision ceiunie et de lu vision périphérique pour orientaticn dans I'espace doivent &tre envisagés
sclon un mode proche de celul que Schnelder (19551 avait proposé et que Lelbowitz & Dighans (1980) développaient pour
'séronautique (congrés AGARD consacré aux désoriencations spatiales). Toutes les études effectudes depuis ont précisé cette
différence entre la vision ceni-ale ("Focel mode") et ln vision périphérigue (*Ambient mode").

La vision nériphérique est essentielle l'orientation spatiale du fait de la sensibilité particulidre de perception des détails larges
et du mouvement (Manu, 1986). Les détails les plus larges de I'image situent de manitre comparative la position des objets dans
l'espace. Pour la perveption du mouvement il faut dissocier Ia sensation de mouvement égocentrique de 1a sensation exocentrigue.
Pour lex sensations égocentriques, le sujet stationnaire “artribue” le mouvement aux objets et se sent immobile, Pour les iensations
exocentriques de mouvement, le m&me sujet stationnaire, se sent en mouvement dans un environnement immobile. C'est la vection,

La vision centrale est eomramlvemem beaucoup moins impliquée que Ia vision périphérique dans les mécaniames de l'orientation
spatale. Elle concerne plutdt lo pouvolr de discrimination fin du systéme visuel (apprécié cliniq par Ia détermination de 1'aculté
visuelle) et In perception de Ia verticalité (par association & des stimulations vestibulaires).

L'ensemble de cette perception du mouvement par le systtme visuel, linfluence de la visioi centrale et de la vision périphétique,
Ia pondération avec le systtme vestibulaire ont particulidrement bien été érudiéds par une série d'auteurs comme Reason & Brand
(1975), Brandt & al 1973, Bonnet (1982), Juhansson (1982), Berthoz & al (1979). Lelbowitz & a), (1982) ont
easayé de synthétiser le rOle des connaissances les plus récentes sur le plan du systéime visucl dans lu conduite d'un véhicule.

outes ces expérimentations ont été cffectuoes de manitre isolée, abordée sur l'animal avec des études neurophysiologiques et
chez I'homme avec den techniques psychophysiques (Wertheim & al,1982).
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2-1-3 Intermodalités et facteurs madifiant 'orientadon spatiale

L'influence et le role des autrss capteurs sensoricls om été étudiés soit isolément soit en intersction dans ces mécanismes
d'orientation spatiule. Une abondante littérature déerit I'nfluence de ces différents capteurs (Boff & al, 1986). L'anziyse des
facteurs impliqués dans l'orientation spatiale telle que présentée dans I' "engineering data compendium® publié¢ par Boff & Linclon
(1988) montre l'existence d'un trés nombre do factews aswociés: sption du mouvement, perception de Ia taille, dé Ia
forme, de la distance, localisation spatiale, Ces cinq rubriques ou grand thimes de l'orlentation spatiale sont décrits progressivement
selon une structure emboitée. On aboutit alors A des descriptions trds précises par le bisis de résultats dexpériences de
p'ﬁwh sique sur I'homme de facteurs comme l'acuité st lque ou 1 tion A des distorsions visuelles. Les résultats de
tel anr{n permattent de définir gu'en situation habiwelle, 1a vision est Ia té sensorielie optimale donner l'orientation
verticale du Lt nyatbme veat ne prend l'sscendance sur Ia vision que lorsque Ia vision ne t plua correctement son
role (abssnce d'image ou image de mauvaise ualité).On aboutit alors A la description de situations conflictuelles sous forme d'illusions
sensorielles A point ds dépan visuel ou vestibulaire.

Sur le plan de la physiopathogénie dus désorientations spatinles rencontsées en aéronautique, Benson (1984) propose un
modéle du contrdle momur et du mouvement. I utilise ce modéle pour expliquer I'npparition du mal des transports, Des structures
neuronales qualifiées de “comparateur” ont objet da mettre en relation une trace mémorisée d'une situation nvec ce qui est foumni
par les systémes sensoriels essentiels pour l'orientaton, A savoir Ia vision, les canaux semicirculnires et lo systéms otolithigue. Un
écart relativement important entre le pattern mémorisé ot celul qui est fourni par les capteurs semit générateur d'une situation
inhabituelle, pouvant produire les mécanismes de désorientation spatiale et & l'extréme le mal des transports,

Bn dehors des conflits intersensoriels, d'autres agressions physiques aéronautiques peuvent avoir un retentssement sur les
mécanismes physiologli,ves de l'orientation spatiale, Sous accélération ou sous hypoxie, Ia vision périphérique sera la premidre
touchéde, Or nous avons vu son rdle essentiel, L'hypoxie peut méme avolr un rdle global sur le syatdme nerveux central et retentir
directoment sur les mécanismes de traitement d'information et de résolution de probléme (comme I'évaluation de 1a situation tactique).

2-1.4 Pexception de In verticale &1 style cognitif

Les paychologues cxpérimentaitsies, purtioulitrement les Gestaldutes, ont également beaucoup apporté & la compréhension des
nnunill:ms de perception de ls vvﬂwmu théories de perception de la vertcale s'op ue’:u dans ln pé.rlodep':e |'immédiat
aprés-guerre : celle donnant Je primun & la référence visuelle et celle donnant le primum & la référence posturale. Witkin (1959)
dans une expérience princeps (le sujet dans unc chambre noire, assis sur un sidge inclinable, uveo fuce A Iz} un baguette situde dans un
cadre, dolt I remettre verticale) montre que les deux théories sont valides : certains sujcts se flent au barres du cadre pour sligner ln
verticale de la baguette (ils sont dits dépendants du champ visuel), d'sutres sujets se fient b leurs sensations vestibulaires (il sont dits
indéperdants du champ visuel). Trds rapidement, Witkin élargit sa théorie en montrant que les sujets dépendants du champ ont un
véritable comportemnent génél: 1a dépendance /indépendance du champ (visuel) ( ou D.1.C.) est alors considérés comme un style
cognitif, En 1962, Witkin & al complétent cetie analyse en introduisant I'idée de différentiation psychologique : la différencintion
caractérise les rolations entre le sujet et le monde extérieur : le syjet est d'avtant plus différencid (indépendant du chump) qu'il crokt
moins i ce qu'il volit dans le monde extérieur.

A co jour, la Linérature consacrée aux styles cognitifs esl immense, trda homogdne quant sux ugpects pemﬁllfu. plus discutée
anulnt aux inoidences sur In personnalité (pour un point de vue complet, voir par exempie la synthéss récente do Hutea (1985)).

séronautique &Gmdu cartographigues, (Santuccl & al (19861), Papin & Valot (1983) ou dans des thches équivalentes
(Goodenough & al (1982), thche de serveur de bitubes antl aérien, Marandax & Ohiman (en cours)) plusicurs aureurs ont
repris ces travaux pour apprécler le rble de la DIC dans les désorientations spatiales. Ces études montrent (1) que lu DIC joue un réle
important comme facteur lésuluteur central au niveau de |'intégration inter-sensorielle (réglage et seuillage du comparateur dans un
modzle de type Benson (1984)), (1i) que les pilotes de combat sont trés souvent des personnes dites "indépendantes du champ";
cecl peut expll%uef leur relative résistance A In désorientation spatiale par npron des non-pilotes placés dans les mémes
circonstances, (iii) o'est 'environnement, Ia culture et l'entrainement qui fagonnent e degré de dépendance h 'égard du champ; il ent
également mlIJné que tout sujet utilise un mode préférentel de fonctionnement (dépendant ou indépendant) mais est capable
volontairement d'utilises 'sutre mode surtout 2'il aubit un entrainement spécifique pour cela.

2-2 facteurs impliqués dans ta prise de conscience de la situation

La prise de consience de la situation est parfaitement assimilable i I'idée de compréhension de la scéne: il s'agit pour I'opérateur de
sc dresser une représentition mentale correcte de s position Jéomphl ue actuelle et future compte-tenu du déplacement de 'avion.

Deux familles de facteurs peuvent donc étre discutés Jans ce © . (i) I'évaluaton de la poshl:)nnogeomphlque instantanée
(navigation, cartographie), (i) I'évaluation de la transformation future des états du fait du déplacement (modele du processus),

(1) Bvaluation de I position géographique

Cetto activité repose sur la gestion du plan de vol et sur I'analyse de l'historique des faits survenus pendant In mission,
L'historique des faits permet d'estimer les perturbations causées au plan de vol et d'en déduire une estimation relative de 1'écant.
L'introduction de centrales A inertie et de calculuteurs de bord capables de travailler sur des points préparéds A l'avance a bouleversé ce
type d'activité dans Ia mesure ob elle permet su pilote plusicurs degrés de liberté dans sa navigation, Avec de tels sysiémes, sa
position instantanée n'est plus référencée A In terre en projection verticale mais s¢ trouve référencée dans un espace "horaire-vitesse A
prendre-distance” A des points fixes cux mémes clairernent référencés A la terre (les points touraanta); it s'agitici d'une généralisation
des aides A In navigation, jusqu'd présent limitées aux balises s au sol. Bn brel, l'introduction de ces syatemes, tout en donnant
au pilote une trés grande marge de manocuvrabilité de navigation, a pratiquement résolu les problimes de référence &éofaphique en
en changoant leur nature. Il reste que la panne éventuelle do ces systémes ob uns sortie prolongée de s route prévue (évasive wctique)

vent ramener le piloie dans une situstion de navigation manuelle. L'effet de l'assistance peut alors Stre pervers: Amalbertl & al

1987) observent par exemple que les anciens pllotes continuent avec les nouveaux systdines & utiliser en paralidle des procédures
automatques des procédures personnelies de nlvl?nﬂon manuelles (recoupement divers, chronométrage des branches, utilisation de
Ia carte 100,000*A bord, 2tc) alors que les jeunes pilotes ont tendance b ne plus pratiquer ces modes manuels, voire méme A 'extréme
A ne rlul prendre de carte de navigation avec eux. C'est toute 1a relation de conflance au systtme qui est en jeu (Valot &
Amalberti, 1989) et, en ce sens, cette dimension dépasse largement lo cadre do I'nppréciation de la situation pour atteindre celul
de véritables styles de pilotage différents; les jeunes investissant Fluo de conflance dans les systémes, mais 'ss connaissant mieux
égaloment , utilisent souvent plus complélemen.l'aue leurs anciens la haute technologie des avions modernes dans le combat; L'excts
de confiance est la rangon de cette nouvelle répartition des ressources (et des rdles) dans le couple pilote-avion,
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(if) modéle du processus

L'idés que ’homme utilise pour conduire les processus une représentation mentale de 1'évolution de Ia situation qui prend en
comgu les capacités et les limites de Ia machine est maintenant bien établie. On retrouve ce concept chez Cuny & Derannart
(19°72) avec Ia nodon de "machine minimale” ( ble minimal des variables d'un systéme qu'il suffit de connaitre pour conduire
le processus) ou encore chez Moran (1381) avec la notion de "grammaire limitée" pour la programmution (ensembie minimal de
:flu do T:mmnlm utils pour progranumer sur une machine donnée). On le retrouve également dans plusieurs expérimentations

atives A |a thche de programmeur (noddle de In calculete chez Young,1981):la louiqoue technique de construction d'un systdme
(ou logique du fonctionnement) peut 8tre clairement différenciée de la connaissance ctna Ton doit posséder sur le méme sysitme pour
l'utiliser (logique de l'utilisation) (Richard, 1983), Cette derridre connalssance est bien plus simple, finalisée par le but, permettant
un guidage et une régulation des actions (utilisant des représentations opérationnelles, Luplat, 1988) et surtout procuram &
:;\odal te:r une anticipation du componement du processus. C'est typiquement ce type de repréuentation mentale que l'on appele

o du processus .
En pilotage, cette représentation du processus est essentielle car elle fournit au pllote une anticipaton sur les évolutions de
. Quand oetto anticipation est correcte, les phénomenes de désorientations spatiales sont extremement limités.

Dans 1a trds grande té des cag, la source des accidents graves réputés dus A un désorientation apatiale 36 trouve étre la perte
initiale de 1a compréhaiision de la dynamique de la scdne }Nowmn. 1980, 1988, Santuccl & al, 1984, etc), perte qui
entraine secondairemont une désorientation spatale par défaut de référentie) qui en retour parasite encore plus lo mé&anisme de
compréhension; paroequ'elles touchent A des probidmes cognitifs complexes, ces désorientations sont généralement de longue durde,
et c'est bien |a ruison pour Inquelle elles géndrent des accidents graves, Inversement, de nombreux incidents pussagers ot sans
conséquence ont pour origine des conflits senvoriels instantanés, faciiement résolus dés lors que le pllote possdde une bonne
compréhension de 'univers dans lequel il évolue,

inyl, en 1982-83, l'aséronavale Frangaise perd 6 super-étendards en quelques mois. Cen avions sont les premiers avions
Francals dotés d'un collimateur tdte-haute de pilotage. La premidre cause évoquée est la désorientation |gatme car plusieurs des
sccidents sont aurvenus en virage ou lors d'entrées en couches nuageuses, L'analyse (Santuccl & al, 1984) montrera que ces
accldents sont survenus avec des pllotes ayunt déjh un passé aéronautique important, utilisant la VTH avec des comportements
magiques (conflance excessive, manque totel d'anticipation) et qu'ils e sont sont retrouvés désorientés parce qu'ils n'avaient pas
compris la symbologle, du fait de leur inexpérience ou du fait d'un manque de doctrine dans I'utilisation du viseur (fort vent, entrée
en couche nuageuse), La désorientation provenait (i) d'une mauvaise compréhension de l'information, puls de la situation, (ii) d'une
décislon de retour aux instruments classiques trop tardive, (iil)parce que cetts décision était trop turdive, d'un basculement brutal de Ia
tite alora que I'avion était déjk en évolution rapide, done aggravation par un conflit senroriel possible,

Enfin, I'snsemble des études montre clairement qu'en situation de combat aérien, le pliote anticipe grice au moddle de processus
qu'il posséde, 1a trajectoire qu'il va réaliser. Pendant l'dvolution, il se soucie en conséquence beaucoup moins de connaltre son
orlentation précise, sachant Tne Is manoeuvre engagée va le mmener dans une position non ambigile, Les accidents surviennent quand
le pilote ne peut pas réaliser In manoeuvre qu'il avait envisagée et donc se retrouvs contraint d'évaluer son orientation spatiale pendant
In manoeuvrs sans anticipation.

2-3 Facteurs impliqués dans 1a prise de conscience wctque de la situation

La prise de consclence de lu situztion tactique peut-8ire définie comime la prise en compte des évinements et contruintes généntes
par le contexte et susceptibles de géner I'ntteinte du but. Rappelons également &un In tactique eat définie en paychologie cognitive
comme un%‘pmcedun consclents, orientée vers un objectif précis (finalisée) et destinée A résoudre une situation ématigue; le
teeme est volsin du concept de " stratdgie” mais s'applique A des procédures de plus coune durde, L'élaboration de la tactique repose
sur les attentes que 'on peut développer sur I'évolution de {'environnement. C'est 2 Tolman & al (1946) que l'on doit Ia premidre

formulation d'une telle théorie des attentes (sign gestalt expectations theory). Actuellement, la notion d'attente est généralisée sous le
nom de modéle d'attente (expectation model) ou modile mental du monde environnant, vérible représentation cognitive de
I'dvolution des facteurs composants Venvironnement, Ces modales ont éé paniculitrement étudiés en linguistiyue et psychologie
gu\énh (logique des mondes possibles , en économie (théorie fiducinire de I'ndaptation sux variations de la bourse) et dans les jeux

guerres et les entrainements aux prises de décisions des décideurs des chefs millwires, Dans ces situations, comme en contrble de
procensus, il apparait que les opérateurs humains catégorisent et hiérarchisent I'environnement en fonction du temps que mettront les
différentes variables de l'environnement & les menacer. Cette catégorisation aboutit h une |lmgiliﬂcnmm des événement possibles ,
;;e:;ies ruisonnements basés sur un ensemble limitd de facteurs et orientée A court terme ( Rouss, 1981; Amalberti & al,

)

3:-Vers un modéie de Ia prise de consclence de la sltuation tactique.

Les différents mécanismes et facteurs envisagés dans le paragraphe précédent peuvent tre assembiés au sein d'un modéle
heuriatique de 1a prise de conscience de ia situation tactique (figure 1). Un tel moddle permet sur un plan ergonomique de mettre en
place les différents points o les systdmes d'sides pourront interventr,

Le présenté possdde deux niveaux fonctionnels distincu :

-le premier nivesu correspond A la compréhension de In scine et comporte en éléments de bases les mécanismes de
l'orientation spatiale (selon le le heuristique de Benson (1984) enrichi des connaissances possédées sur les styles cognitifs).
La compréhension résulte de 'analyse cognitlve de données de différentes natures : sulte d'éwts d'orientations spatiales, expérience
sensorielle dans le domaine, ssance des buts poursuivis,et connalssance possédée sur le fonctionnement de Ia machine, Ce
modile de compréhension de In scdne , permettant au sujet do savoir d'od il vient et ob il va (dans la mesure od il n'y aurait pus
diincident) peut-dtre représentd sous forme d'une architecture informatique de type "black-board" alimenté par les différents éléments
envisgds précédemment. La sortle de ce niveau est double : inteme et exteme. Inteme car la compréhension de la acdne assure un
feed-back sur les données nowriasant le blackboan), particuli2rement les mécanismes de l'orentation spadale; cetwe compréhension
introduit ainsl uno grande wlérance A l'erreur sur les problbmes de perception et de réglage du comparatcur. Extems, elle nourrit
partiollement le niveau de I'anslyse tactique,

-le second niveau et celul de l'analyse tactique; il intdgre les données de In compréhension de 1a scénc & celles qui lul sont
foumnies par un moddle de comportement des objets de l'univers. 11 nécesuite également lo recours h un modele du processus pour
sélectionner In bonne réponse en fonction des posaibilités réelles de I'enseinble de 1a machine,
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4-perspectives d'sides ergonomiques
4-1 problématique des aides

La structure méme du modele explicité dans les paragraphes rrécédenu conduit A se poser Ia question "aldes A quoi?": aides d
l'orientation spatiale, aides A Ia perception de la situation ou aide & la perception wctique; & I'évidence Il s'agit au moins pour le demier
cutde émes de nature assex différente:

-Y'aide A In compréhansion de la situation, par le e fort foedback existant sur l'orientation spatiale, devrait permettre une
résolution rapide des conflits sensoriels; en ce sens, cette alde de niveau supérieur ost & priviligier A une aide de premier niveau qui ne
fait que régler les problimes ponctuels d'orlentation spatiale. Toutefols cetts opinion peut-8tre pondérée dans les cas d'évolutions trés

ra combat aérien) ob le piiote peut trouver bénéfice d'une nssistance & Ia perception de |'horizontale ot de la verticals,

-L'aide & la perception tactique ne peut emprunter les mémes voles, La ption tactique ne garantit en rien que l'opérateur ait
une bonne représentation de son orientation spatiale (absence de feedback). Inversement, uno bonne orientation spatiule, méme 'il
#agit d'une condition nécessaire A une reprdsentation wctique, ne saurait dire une condition suffisante. 11 faut développer des aides
o) ues A ce nivedu et envisager de falre fonctionner des aides du nivesu précédent et des aldes de ce niveau de fagon simultanée.

n pmllm de nécessaire homopénditd et d'intégraion systéme est donc posé dans la conception générale de l'architecture de ces

Le plan plm découle de cette analyse. Il distingue pour chacun des deux niveaux les solutions existantes da celles qui
pourralent 8tre loppées en accord avec les modRle et les l}:gtcun analysés précédemment; dans tous les cas une part significative
sera réservés aux actions de formation des pilotes.

4-2 Aides répondant A J'orientation spatiale et Ia perception de la situation
4-2-1 Aidea favorisant I'orientation spatiale

4-2-1-1 Actions sur les systémes:

L'architecture des planches de bord actuelles, notamment avec V'introduction des VTH, répond & !a nécessité de muintenir le pilate
dans 1 boucle pour des domaines de performances de plus en plus élevés sous fort facteur de charge et lors d'évolutions rapides; il
faut permettre su pilots de garder son regard sur le monde extérieur, i 1a fois pour lul éviter des transitions VTH-VTB, couteuses en
temps ot génératrices de conflits sonsorieis, mals aussi pour des ralsons tactiques (évolutions rapides de la situntion extérieure), Une
premidre solution est purement lymmlwiue (automate de remise & plat de l'avion ); une deuxitéme solution conalste A optimiser la VTH
owet & la com) ldbtg'ru d'autres dispositifs de présentation d'informations, Une troisiéme solution consiste & remplacer 'ensemble
de !a planche de par un viseur-visuel de casque.

(1) Sur certains avions russes, le pilote dispose d'un intetrupteur coup de polnghlul permettant en cas de désorientation spatinle
une reprise en main automatique do I'attitude de I'apparcil ramené alors en vol horizontal stabilis, Un dispositif équivalent se
retrouve sur toute 1a génération des pliotes automatiques modemes lors de lenclenchement des modes supérieurs; il s¢ retrouve
également sous une forme de consells dans certains Indicateurs de sortle de vrille (e.g. F14). Ces disponitifs ont évidemment
l'inconvénient d'interrompre brutalement Is manceuvre et d'dtre d'un intérét tctique discutable; il ne saurnient résoudre tous les cas
ob le pilote pourrait connaltre des désorientations spatiales. D'une certaine fagon ce tycre de systéme ext une généralisation du fllet de
sauvegarde en version "tempi de paix" qui ne #o trouverait plus alnsi limité aux situations de pertes de connalssance mals étendu aux
situations de pertes de cohérence,

(i) L'optimisation de la VTH falt Y'objet de nombreux travaux sur les symbologles: depuls plusieurs années Newman préconise
l'utllisation de rdgles d'srgonomie générale maintenant blen acceptées par la communauté scientifique: utiliser autant que possible les

symbologies analogiques, contrdier la densit¢ de symboles, etc; Eul spécifiquement, on r¢ldve 1a création de symbologies
spécifiques pour éviter la désorlentation spatisle : mini-boule présentée en vision centrale sur le Refale lors des évolutions rapides,

tadon de symbologies In vision paracentrale (élurgissement des symboles au deld de 2° dexcentricité (Me Naughton,
1984)), etc. A ce jour, g que soit I'empleur de ces travaux, ils ne concement que le renforcement de la perception spatiale en
vision centrale et leurs approches ne peuvent &tre que ponctuelles puisqu'il n'existe pas de méirique de l'organisation dans l'espace de
la stimulation visuelle (Duval:Destin & Menu, Duval-Dastin & al, sous presse); or comme nous l'avons vu
précédemment, l'orlentation l.plﬂlll Séfend en m:&lm de la vision périphérique.

De Ik le développement d'autres aides spécialisées dans ce domaine et Indépendantes de la VTH: I'horizon de Malcolm (1983)
en est le plus connu, 1l s'agiesait d'utiliser la vision pdl:irherique pour détecter V'horizon projeté dans l'ensemble du cockpit,
Toutefols, cette tentative n's pas ¢ poursulvie car elle n'était pas parfaitement adaptée sux caractéristiques pnychophyslologlques de
In vislon périphérique (lignes trop fines pour &ire percues), Depuls, d'autres travaux ont été conduits sur loptimisation des
symbologies A présenter en vision périphérigue; ils restent toutefois du domaine du laborutolre car ils nécessitent le développement de
procédés de visualisations tout A fait particuliers l‘(l;n":»jecﬂcn sur verridre, visualisations latérales..) et non maltrisés technologiquement
dans le cadre de I'intégration aux planches de bord actuelles.

En résumé, sl 1'on conserve les architectures actuelles des planches de bord, les aides A l'orientation spatiale ne se limitent plus A
In simple optimisation du champ et de ln symbologie de la . Bllea doivent concerner s création de symbologies périphériyues
avionnables. Tout reste A faire ¢n ce domaine. Dans I'état actuel les efforts réalisés en vision centrale ne sont pas suffisant pour
Assurer en permanence un bonne crientation spatiale.

(lii} L'utilisation de viseur-visuel de casque o5t une solution plus ou moins complétement alternative aux sysidmes de
visualisations tites haute. L'avantage réside dans le couplage et 'naservissement den visualisadons aux mouvements de la téte ui
libdre le pilote des contraintes de transitions visuelles; sur le plan de lorientation spatiale, ce type de systéme suscite plutdt plua
dinconvénients que les architectures classiques de planche de bord: couplage des caméras (asservissement entre la source l‘l’hllc et 8
restitution : dérhuuu possibles entre mouvements de la téte et mouvements des images), conflits d'horizon (découplage entre le
pliote qui est libre de ls direction du naud et son aéronef qui lul fournit un horizon calculé en c{mnhkm frontale), absence de repires
cabines; P_lpln & Menu (1983) avaient montré Ia nécessité de réd-introdulre des montants de cabine dans I'image d'un visuel de
pilotage d'hélicoptdre pour éviter les désorientations; pour les viseurs de casyue, difficulié de couplage et d'intégration aux
architectures classiques , particulidrement aux VTH (|upemoultlon de champs et de symbologle, d'od I'idée Américaine (Advanced
Tactical Fighter ) d'up "lpw level HUD" dont le champ est réduit verticalement (159 .

Enfin, du fait qu'll n'existe pas encore de sysiémes binoculaires opérationnels (il en exisie en laboratoires) on est contraint dans
cette solution viseur-visuel de ue  présenter !'information en monoculaire. Or ces systbmes monoculaires peuvent générer un
conflit sensaricl entre les images prise en compte par chacun des deux yeux,
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4-2-1-2 Actions de formation

L'entrainement classique au vol aux instrumenta reste d'actualité et demeure une des habilctés de base du pilotage; il perd
cependant de I'lmportance avec le développement des VTH. Les formes modemes d'entrainement pour combatire la désorientation
zltlule résident pluidt dans l'utilisation de dispositifs Himités de simulation gemettant aux pilotes de faire Vexpérience sur commande

certaing types de désorientations, sans toutefois pouvolir se ra crocher A une situation opérationnelle concré.e (on neutralise les
feedback liés A la connaissance de la situation aéronautique). Cest particulirement ie cas du Générateur d'lliusions Sensorielles
(GIS) installé en France au Laboratoire d'Etudes Médico Physiologiques de Mont-deMarsan, D'autres systémes de méme ordre
existent depuin plusieurs anndes dans différentes armées de I'air des pays de I'OTAN.

D'autres oxpdriences, plus éloignées de Ia réalité journalidre du vol, concernent l'entrainement des éldvoes ou des opérateurs A
mieux connattre leur style cognitif (dépendant ou indépendant du champ visuel) et A globalement mieux interpréter les sensations
lviw:lu. Des expériences de ce types ont été conduites en milleu scolaire avec des résultats plutdt contradictoires dans de nombreux
a 5

4-2-2 Aldes b la perception de ia situation

4-2:2-1 Actons au niveau des systémes

1 s'agit ici de fournir au pllote des aides A la navigation et & 1'évolution de la trajectoire, 1! est clair que l'introduction de
cartogtaphie embarquée, couplée & des centrales A inertle représente une aide majeure en ce domaine,

Pour la gestion & court terme, par la sélection en os automatiques, cos technologles permettent aujourd'hul des sulvis de
terrain automatiques qui paradoxalement résolvent lea probldmes de localisation Peo‘mghlque alors quils géndrent parfois des
désorientations spatiales ou plus exacternent des sensations de malaise lors du vol lul-méme (découplage entre Ia logique et les
réactions des automates et les procédures qu'aurulent utilisées spontanément les pilotes dans les mémes circonstances),

Pour l'antcipation A long terme, lea systémes cartographiques ne fournissent A ce jour que des indices & partir desquels le pilote
établit aa représentation mentale; des Jam&m sont encore attendus dans fa visualisation des déplacaments grace & J'introduction de la
trolsidme dimension, sclt par rendu de I'image 2D (perspectives, dégradés de couleur) soit par réelles productions d'images 3D
(holographie, sysiéme de restitudon binoculaire de la vision du relief (type PLZT)), Des progrés sont dgalement atiendus pour ['alde &
l'anticipation sur Ia trajectolre en dvolution rapide ou en navigation trés basse altitude : on citera les travaux sur la symbologie de
gulda e "tunnel” (A la Navy Fllaraky & Ryan, 1983, ou en France les recherches mends sous contrdle du S , contrat

6.86028 ) en ou en visualisation téte-hasse,

Dans tous les cis Ia préparation de In mission reste une phase contribuant de fagon décisive & I'évitement de désorientation spatiale
ou de problémes de perception de situations pendant le vol, Les systémea d'aides X la préparation sont donc des aides Indirectes &
l'orientation spatinle et & Ia ?emepﬂon den situations. Les systémes visualisant par simulation ce qui pourrait 8tre 14 situation en
fonction du plan en cours d'élaboration sont de précicuses aides quasi-opérationnelles ( NA'I‘OqW 514, Systems concepts for
tactical mission planning).

4-2-2-2 Actiona de formation

L'entrainement en simulateur, particuliérement 1'utllisation optimale des ressources du cockpit (symbologies, modes des
visualisations, entrainement au CRM(cockpit resources management)), reste un élément incontournable de la compréhension des
scdnes complexes. 1 rests & définir quel type de simulateur (fixe, simplifié (solt dans 1a reproduction de la cabine, soit dans In
reproduction du mouvement), complet avec mouvenient) et guel type de programme (scénario de pannes.. ou missions complétes)
conviennent blen A ce type dentralnement, L'état nctuel de now connaissances semblerait favoriser I'utilisation de simulateurs
complets avec scénarios de missions réslles parce qu'ils sant lew seuls succeptibles do présenter une réalitd complexe cohérente; mals
lours colts restent des freins & leurs développements massifs ,

4.3 Aides renforcant la perception de la situation tactique

4.3-1 Actions surles systémes
1l n'existe pas A ce jour de systime opérationnel de visuallsations tactiques en unité. Aux USA, certaines versions davion de
combat américains soni équipées A titre expérimental d'une visualisation tactique 2D, positionnée en thie moyenne, non collimatée,
présentant pour un champ limité le bilan des hostiles, le potentiel agressif des ennomis, et lo J)olemlel défensif de 'avion. Ce type de
visualisation, ciblant particulibrement les conditions de combat multicibles est dgalement en développement au niveau de la simulation
chez plusiours équimentiers Frangais et étrangers. Les pmrm se réalisent tant sur le ¥Ian lo:rque des systdmes et modeles des
intentlons des hostiles présents dans la schne que sur le plan de la préseniation de l'information (introduction de 3D). Tous ces
rogr 2: de recherches appartiennent plus ou moins au doiaine du copilote dlectronique et devraient devenir opérationnel A
'horizon \
L'utilisation de 1'audition ou de la stéréolocalisation acoustique constitue une sutre aide complémentaire A i'appréclation de la
sltuation tactique (positons et déplacements des hostiles). De nombreux travaux (Nalsh (1989), Pellisux & al (1989), ete)
examinent cette possibilité de mieux gérer le partage de ressources intersensorielles,

4-3-2 Actiona sur la formation
1 #'agit ici de U'entrainerent journalier des unités de combat. On notera également l'importance & ce niveau tactique des aides 4 ln
préparation de mission, intégrant & Ia trajectoire les paramatres attendus de la situation tactique.

CONCLUSIONS:

La prise de conscience de la situation opérationnelle, par aa nature méme, va bien au deld dea classiques développements sur la
désorientation lgldlle. Alder le pilote pour lul éviter les désorentations spatinles ne résoud pas la compréhension de situations
opérationnelles; la nature des problémes est différente, la nature des aides et &gulement différente (entrainements spécifiques, aides
visuelles, copilote électronique).

"Tout houveau progrés requiert le développement de moddles du fonctionnement de l'opérateur intégrant 'ensemble de ces
différentes notions. 11 requiert également une lnlésmlon profonde des uides duns Varchitecture globale dun systéme d'arme, les
solutions de rajout ayant toutes montrées leurs grundes limitations,

Dans tous les cas, a formstion, adaptée aux différents nivesux du modele, reste un élément clé d'une bonne perception tactique de
1 unvironnement.
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English Extended abatract
Les déterminants de la prise de conscience de la shtuation tactique et le developpement de sysidmes d'aides ergonomiques
Factors involved in tactical situation awareneness and the future of support systems
Dr Jean-Pierre Menu & Dr René Amalberti

Acrospace ergonomic mlnmenl
Acrospace Medical Research Lab (CERMA), Paris, 75015, FRANCE

L.ysfinitionia) and model(x) of tactical aitustion awaroness

Future combat arorafts will have to be capable of ﬂfllll anywhere, anytime and to engage air-to-air or air-to-ground attacks

agninst n very unfavorable ratlo of enemy forces, It is of clear consequence that the pilot's role will definitively turn to supervisory
cuntol und medium and long tenn tactical decisions whereas automatons will manage engine handling and short terms activities, In
this regard, and because the machines are of comparable technology in various countries, the quality of tactical situation
awareness will probably lnrfly explain the withi> pllots' variation of performances.

Thus, one of the most important effors for the future of combat abilities' enhancement will be to favour a good and relevant
tactical situation &./arensss by several means including cockpit design and training.Although a very lu’e wmount of scientific
papers deals with spatial orlentation, very faw papers deals with situation awareness and only & small part of scientific papers deals
with tactical ug of situation awarenoss. Everything goes as if "spatial orientaton" was the sclentific expression of "situation
awarenoss” and, as if the term “wactioal "was of no importance.

A mere analysis of factors involved in these conocepts demonutrates all the reductionism of this position:

mmmudgn SO, 3 the lbﬂh’ to position oneself per reference to upright and horizontal directions as defined
er the earth gravity, Studies in this fleld are of two natures: (i) local : perception psychophysics with spacial emphasia on

sion snd vesdbular interaotions, (1i) global: cognitive style, namely the perception of the upright and the concept of visun! field
dependency. Note that much more is known on spatial disorientation (factors involved in..) than on the basic mechanisms of
sputial orientation. In any vase, model of sputinl orientation in based on the anulysis of & given stats of the environment and, thus
classes ax a siate model (a3 oppoted to & dynamic model),

(SA)leads to thy ability to ;eowhlcnlly position oneself and to understand where one comes from and
where one goes 10, mental mode! of process involved in this activity belongs w0 a class of dynamic models, 1t s pantially
feeded by the history of passed spatial orientations, When the process model fitu the data as picked up in the environment, one say
that the situation [s understood. As a logical feedback, a satlsfactory situation awareness considerably enhances the
pilots'capabilities to analysa thelr spatial orlentution and thus soverely dimin{shes the occurence of spatial disorientation,

eads to the ability 10 position oneself according to relative references ( friends and

enemies), Once again, the mental model of expectaticn which has to be developed belongetoa  class of dynami. models,

However, the expectation model 1s no: closely connected 10 the two previous jiems (!lp. l orlentution and situation awareness); of

course, some dependencies exivg; SO and SA could be prerequisites for & powerful TSA but, because of the complete changes in

references (flxed refewonves-earth for SO and SA, not fixed references-relntives objects of the environment for TSA), TSA is not

{‘a:dlnu back 30 much the SO and SA levels; these differences are of large consaquence for the design of the alds und for training
provemeny

In brief, the paper presents an heuristic model of tactical situation awareness with relative positions of spatial orientation ,
shuation uwatencas and taotical situation awurensys(table 1). The global model ix considered as a two stages model ¢ one level for
SO nind SA, und one for TSA,

The complete French version of the paper details the mechanisms and concepta involved in the two levels, namely vision un
vestibulur fuctors, sensory interactions, cognitive style, process model, expectation model.

The last part of the papesr analyses the varlous ways of aiding the pilots in tactical situation awareness.

2:Tha future of tactical situation awarcness assiatance

The mhitecture of ge ﬂouu clicited model clearly distinguishes two level of action for alds : (ire-inforcing the earth
references awareness (SO & SA) and (i) re-inforcing the quiality of the expectaiion model which is developed accarding to relative
references ( friend &enemies) (TSA).

-(iybecause of the feedback mechanimy between SA and SO, a satisfactory undersunding of the scenc must keep off moat of
spatlal disorientations. Thus, maximum efforts have to be done to enhance tha general understanding of the situation rather than
factua! sssirtance to spatial orientation. Exception could be observed during poorly anticipated uir-to-air manoeuvers in which the
assistince could focus on punctual indication of spatial orfentation in order to recover as soon as poasible a general understanding
of the trajectory,

(i tlc?l?ll shiuntion assistance cannot use the same alds as were previously defined and needs the introduction of new
concepts like this of pilot's asslutunt. Because of the non-communality between the two levels (SO&SA / TSA), the nids have to
operute in parallel and this point questions the integration of complex assistance lnto new cockpits which is far from being trivial
(mainly because of the additional man- machine dialogus gencrated by the aids whereas hunian resources remain constant)

KHYWIY. assistance cannot be reduced 1o hardware and sofware improvements; it must be part of pilots' training.

These preliminary notes organise the plan of the paper

2:2auissance tospatial arlsntation

2-2-1 hardware & software aids: the current instrument panel architecture , natnely with the Introduction of HUDs,
allows the Lllot to remain in the loop ulmouhh Ugrfommnces are always increasing (g, speed); HUD definitively contributes to
keep the pilot's outside of the copckpit, s enhance this combat capabilities because they favour the elaboration a better

! | of les. Various solutions of handware und software based assistance are proposed:

-the first farnily of solutions could consiat in automatons capable of merely getting back to  safe and flat position on pilots
orders, lAllhc)u]h these automaions could save the pilot from very confuse positions, they are not good tactical tools, on the
contrary!,

l-reynhmce:mem of HUD s probably more efficient to preserve wetics, For muny years, considerable efforus have concemned
the deaign of symbologies in unﬂ: to provent spatial disorientation induced by HUDs (Newman, Santucel & al); special attention
has been to the size of symbologies presented in the peripheral field of HUD (the more the excentﬂclx'; the larger the size
because of the |blll‘7 of the human vision-McNaughton), new synibologles have also been inserted duting alr-to-air funoeuvers
(namely on the Rafale-plane, a mini spheric indicator has been inseried in the HUD),
atsver the efforts, they remain limited to central vision and near central vision (the field of a current HUD Is less thun
309; here is & parndox if one reminds that spatial orientation is mainly under the dependence of peripheral vision. Note also, even
for central vision, the absence of a good mensurernent for jud[g:n the spatial organisation of visual stimuli is u large handicap .
Our lab develop new concepta for such a measurement (Duval-Destin & Menu).
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Because of the previously mentioned limitations of HUDs, other efforts have been paid out of the context of HUDa: at this
time the best known is the Malcolm s horizon (extension of the horizon projected in the canopy was inserted in the peripheral field
of view ) . Unfortunately, this tentative falled because of the inadequation to peripheral vison capabilities (too iiny line of horizon).
Since this time, many studies have been conducted in order to develop specific symbologies to be inseried in periphery of the
canopy; unfonunnelr‘ again, up 1o this date, they did not succeed because of the lccgnolonicnl difficulties to mix them wiih actual
instrument panel ‘architectures.

-as an alternative to current instrument-panels, helmet mounted display offers new solutions to facilitawe data pick-up and
tactical awareness whatever the direction of zpace which 13 to be monitored, But, for spatial orientation , helmet mounted di um
are ruther worse than classic inscument panels because they includs ssveral possible gaps : horizon ¢ wnflicts (the pliot is free
what he looks at but the horizon is always defined as in reference to front plane estimation), lack of cabin marks (Papin & Menu
had evidenced for helicopter pilots that the canopy columns was to be re-inserted in the fleld of view of the helmet display in order
to prevent spatial disorientation), sirmbologlu super-i dons (between the HUD and the helmet display: some significant
effort has been pald in the US 10 solve this pmblew fining low level HUDs), Firaly, a last gap of uctunl helmet mounted
display is monocolar technology which can generate addiionnal conflicts.

2-2-2 truining actions: the head down classic instrumental flying training remains of interest ax a basic flying ability
In spite of its being pl:rmdvdy replaced by new concepts of flyiny, namely the use of HUD and the" eye out of the cmory'
concepts. Modern tralning actions mostly consist in the use of specific simulators (illusions siulators) in order to let the &i o
expetience desorientation out of the context of & tusk (and thus out of the possibility to use the feedback of scene understanding).
The G1S located in the LEMP's lab (Mont de Marsan) is a good example of such simulator. Numerous other examples are given
by similar systems in the Allied Forces.

Other complementary training cun be envisaged uccording to the cognitive style of the pilots. It has heen attempted with a
atisfactory success to train people, namely students, to use a different cognitive l%le than they usc spontaneously in order to
improve theb fit to situations. Some of these applications concern serospace training but they are difficult 1o apply because of the
lack of proficlent psycholugists instructors,

2:3-1 hardware and software alds: Hardwure and sofware assistance to siwation awarenesy could result in
improving navigation displays and underlylng technologies (inertial units and navigations automatons),

Current navigation” automatons are now capable to operate a low-level high-speed misxion according o the mfhtplan (e.g.
Mirage 2000 N). Such systems have opened new domains of flight performances. Nevertheless, they are an additive factor 1o
lrlﬂll disorientation becaune the pilot remains out of the loop; moreaver, because of the logic of flight they use, they leave the
pilot unaware, Strong improvements are oxpected with more pilot-like style of programming for the future of navigation
sutomatons (Amalberti & al, 1987,1989).

r way to aid the pllot in navigation and situation awareness is obviously to display an operative representation of the
outside world. This representation could help the pilot as much for anticipating the mutomaton reactions when he flies in an
automatic mode as for elnborating the future of the routs und the needed tactical diversions when he flies manualy, At the tme
being, 2D realtime representations of the outside world become avallable, They could largely improve with the introduction of 3D
vision either by the better use of several surfuce features of Images (color gradation, perspectives, tunnal symbologies, eic) and/or
by the Introduction of holographics techniques, virtual imnge or PLZT goggles,

Whatever the instrument panel improverment, improvements in mission preparation are also of great interest in diminishing
the occurence of spatial disorientation; namely, the mission rehearsal before flying is expected to considerably enhance pilot's
situation awarencus during several key phases of the miysion (considernble efforts are given to thix perapective , namely with the
on going NATO program (Nato WQ15, systems concepts for tactical mission planning),

2-3-2 Training Improvements : the use of flight simulation becorres an inescapable tool for lmpmvin1 situation uwureness,
The questions are still to define (I)what kind of simulators has 1o be used sccording to their respectives advantages and
disadvantages (tactical umrlmed simulstor, fixed simulators, interactive simulators, full flight, et) and (i1) what kind of training
program has to be used : incidental situations, fallures, air-to air combat, complete mission, ets. Actunl training results clearly
demonstrate the greater value of line oriented flight training and complete cockpit resource nnnulcmem (executing complete
mission) rather than simulating isolated failures or isolated air-to-air combat (because & complete coherent mission provides the
pllot with a strong flight context which can largely feed back and modify the local tactics as leamed In very limited combat
simutations or In coping with punctual fallures)

H_mﬂ%lmhn_mnumm ¢ At the time being, there is not existing operational tactical display, However,
several versions of tactical displaya are tested on flight (US AirForce) ; they ke stock of the enemies und of the friends and they
suggest weapon enJl ement,

D tactical displays could be operative for the nexi generstion of combat airplan; somendvanced studies are enfn e for
the aneglme in order W operationaly define the requirements of 8 3D representations of outside world: should it be displayed
in the HUL (probably na), or the head level display (probubly yes), Severnl other aspecis of this 3D representation atill question
the scientist, namely (1) the angle and the point of view of the 3D vision (i) the principle of image coupling uccording to plane
motion , (iil) the level of detalls to be displayed, (iili) the fidelity of data nccording to real world, etv, Anyway, such a 3D displuy
will be fully compatible with additional representations as threats and tactical notes and will probably definitively enhance situation
Awareness.

‘The use of stereo-acoustic sounds to detect the enemnies’ position is also very promising because of the better use of human
resources (Nuish, Pellioux & al)

As it was for siruation awareness, and whatever the technical improvements, daily operational training, namely training
using realistic simulation of tactic frames,will be unescapable conditions of success,

Tlcla'cﬂ .lmﬂn awareness is far from being limited 1o spatiel oriontation. Numerous studies have been devoted to enhance
spatial orienution and actual state the ant confirm the significative progress done on this topic, But, as a paradox and because of
0 Increasing capabiliues of automation in handling the tlight, pummmﬂd disorientations of the pllot will pmhtblg be of less
dramatic wnux“mce In the future ; inversely, the key problem will be more and more to enhance the understandabllity of the
outside world (situation awareness) in ot ler to plan rnedium and long erm altenatives (tactics) rather than immedite reactions. In
this regard, changes in the pilot task challenge the future of tactical situntion awareness assistance. Because of the new nature of
problems, new alds have to be developed; the process |s already un progress,
Note also that any new significant progress requires to re-envisage the whole interface In order (o correctly intograte the aids.
No definitive progress can be done only with correciive ergonomics. Whaver the technological progress, training must be
considared as one of the key point for the enhancement of tactical situation awareness and must take into account the new tools
and new concepts of training.
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SUMMARY

Contralled flight into terrain cuused severul accidents within the Royul Netherlunds Alrforee,

209 RNLAF fighter pllots (NFS und F16) were interviewed (o obtaln information ubout the veeurrence
of sputlal disorfentation In flight,

OF euch pllot the incldent, which left the grewtest impression, was analysed, 34% of those incldents Iy
considered by the uvintors ax a very serlous risk for flight safoty.

‘The incldents ure cuused by u combinution of fuctors, of which weather conditions, psychologlenl factors
und visual reference are the most importunt,

Visual and vestibular flluslons are common, as well us certaln pyychologlcal conditions which leud to n
\;rrur}lg perception of position or motion. ‘The aspects of the sensutlon of disorlentation ure deseribed {n
detadl,

All pilots have experienced ¢torlentation in some way and 26 % report that it huy caused une or more
NIUFFOW eSCupes,

7.;!%( of 1fhc pilots report u greater susceptibility fur disorlentution fn the F16, compured with other types
of alreruft,

Suggestions for prevention of disorientation nccldents are given,

INTRODUCTION

Although much research has been done in the fleld of spatin! disorientation records showed no decrense
in disorlentation reluted aceldents due 10 thut cause.

After the introduction of the Flo "Fighting Faleon" in the Royal Netherlunds Adrforee 18 aireruft were
lokt in the 10 yeurs of operutivnul use. Seven of those uccfdcnls were must probably due to pilot-
disurlentation,

I the USAF 23% of the nireraft losses and 2/ of the fatnlities Is caused by disorfentation, and although
the Fib appears to have o very goud safety record, controlled fight Into terrain contibues to be a hig
problem, (McCarthy).

The Flo hay good churacteristies for aircombat in elear duylight conditions, but in bad weather, ae night
and during high worklond, some advantages hecome disndvantages,

METHOD

The objectives of the survey were to muke an inventory of the problem and detection of the cnusal
fuetors und clrcumstances of the (ncidents,

All avinluble piloty, 209, were interviewed, of which 146 flew the Flo und 63 the NFS, ‘This is o substantinl
und representative sumple of the fighter pilot populution.

The nicthod of persona! interviews wus chosen becuuse of the udvantage of u better response, unil the
ronnlhllll of detalled questioning.

During the interviews the pilots were asked to describe thelr most linpressive disorientution incident with
us muny detalls us they remembered. Subsequently the whole Incident was anulysed with o questionnaire,
which consisted of detalled, categorized listn of possible causal fuctors, Furthermore the general Incidence,
uuucup&lhlll\y in the I'16 und suggestions for proevention were subject of the Interview. Anonimity was
ussured,

RESULTS

The uge of the subjects runred from 21 ¢l 53 yeurs and the uxlperlence level ranged from beginning
student pllots to Instructor pilots with 1200 hrs on the type nircraft,

To illustrate the problem two exumples of incidents will be {iterully presented,

OV-E-)



OV-j:-2

The first incident oceurred to a 26 year old pilot with 580 hes on the F16 and a peand total of 1050 hrs,
"I was flying through scattered clowds at 1200 ft during a dark night upproach under Instnament Meteorological
Conditions (IMC). When the plane gt free of the clouds my attention was strongly attracted by an illuminated
road that ran at a strange angle ta the aircraft.

Because | was looking through my Head Up Display, iy whole peripheral visual fleld was filhd with this
line, which acted as a fulse horizon,

The itlasion that 1 was flying with much bunk und pitch was so strong, that 1 got seared and oke off the
approgch. This happened a second time, before 1 munaged to get hold of myself and could fund safviy”
In this incident weather, ground und cockpit design factors pluyed a role,

The second incident huppened to two pilots ut the same time, one of which was a 45 year old instructor.
pilot in the backseut wrt 4300 hrs flying time, of which 300 in the Fi6,

"During an interceps hetween two cloudlayers, we overshot the tuget plane. To get into an advantageons
position, we mucde a climbing turm and entered the wop layer. Because we expected to come out agaln any
miinute, we kept looking outside,

It took some time, bt | didnt look at the instruments because it was all routine

Afier a whie 1| suggested to break off and set up d new intercept, and when we came clear of the clowds,
under a 90" angle, we were looking at the radar to find the target,

Then 1 felt that something was wrong. The sky was rather dark and the white spots turned it to he wave
tops. The sensation of climhing up out aof the top cloud layer was soon changed for the reality of a 90 dive,
We pulled 9G, to recover at an altiude 1)‘/1‘ a@ 1o p”

The twa cloud layers had merged und because of the somatogravie ilusion, they didn't feel that their
climbing turn hud become u coordinated loop,

All the Incldents cun be entegorlzed as type 1 disorientution, the recognized type.

T'ype 1, the unrecognized type und, often futal, cause of controlled flight into terratn, cunnot be investigated
by meuns of an Interview, Fortunately, muny of the type | disorientition changed In time in type 1l to
uvold an aceldent,

Clrecumstances und cuusnl fuclors

‘The most Impressive ineldents were unalysed in dewil, The cutegories of factors thut contributed the most
to the problem were weather conditions, psychologioul factors und the visuul references (fig.1), In muny
incidents, (v was o combination of fuctors, thut mude it possible for the disorientation to evolve.

Fuetors like cockplt luyout und airplune churucteristics scored substuntlully higher In the Flo incidents thun
in the NEFS incldents.

The flylng experignge of the avintor played only a minor role in most cuses. Pilots of all ages and alt
expercience levels experienced disorientation. In those Incidents, where experienco pluyed u role, some
younger, unexperlenced pilots had diffleulties with the vast amount of possibilitles In the plane or didn't
kiow {ts limity very well. This caused distructlon and high workload. However, some experlenced pilots
hud overconfidence.

Student pllots ax well us ﬂl*hl leaders, communders amd instructor pliots got disorfentated,

Most pilots had an operational status. Thuse who flew after u long period of nonflylng sotietinies
encountered trouble. 'This occurred utvo durlng the first night flying lrfp after 4 sunmer perlod,

‘The function during the mission pluyed u role when it was a "close formation” situation, Especinlly student

pilots, who often fly us wingmun, had problems with the “leany”, A climb out, with the rudut locked on

the leuder, wus u rewson for overconeentration on the rudar screen in o few cases. The ubsent instrument

mmrchcck prevented detecting a descending flightputh, while plichup was felt because of the somntogravie
uslon,

Lawt minute changes In the plunning und "hot serambles” caused high worklond and wrong priority setting
in sume cases wmd guve disorfentution w chance, And unclear preflight beigfings brought pilots (n
unexpected situntions, which led to extra workload.

The duy of the week un ime of duy played no clear role in causing the disorfentation,

Llightime was slightly more lmportant, Futlgue ulter u long flight or rapld changes right ufter tuke off
contribuled to the disorfentation.

03% of the Incldents oecurred under Gy gonditions. In those incldents were Gz played u role, high G-
forces or negative Gz were fnvalved and caused distraction or vestibular Mlusions,

In 83% of the F16 Incldents and 63% of the NFS incldents visugl reference played au imporiant role,
1 specially looking through the Head Up Display (HUI)wich 22% of the F16 pllots did ut the moment
uf the incident, cauned disorlentation, This due to the pos lorlzon Indlentlon, the rapld changing digltal
numbers und the peripheral visual influence. Overconcentration on the rudur was ulso 1 reasan for paying
lews uttention to the primary fight Instruments (PF1),

39% of the NFS pllots und 479 of the F16 pilots mentioned, thut the fuct they were tooking outside for
sometime, was o major cause for the disorlentation Incldent, ‘This occurred In close runge nircombat,
durlng flylng “on the wing® und while stuying visunl in the clouds or without u well defined horlzon,

Constant’ diversion of attention o the outside world, radlo, HUD, radar atd the PFI wlso evoked
disorientution (fig, 2).
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The tugk was of great smportance in causing disorientation, Especially aircombut was u factor (24% F16,
11% NFS). fiagerness to win led to fixution on the targetplune snd u wrong priority setting. The rupid G-
onset and overloud becuuse of inexperience were often reasons for this significance.

Acrobatie adreraft manoeuvres during bombingtrips made the pilots susceptible for vestibular illusions,

Night missions were dangerous, because of the confusing lights, that gave visual illusions,
Formation flying often caused the "leans”, while weapon exercises sometimes led to target fixation (fig, 3).

The flown profils was of importance, when the pilot had to make many munoeuvres and hud no time
for u crosscheck, while he was influenced by confusing vestibular input. Turning the heud during such
profiles aggravated the problems.

The mapoeuvre at the moment of disorientation was also mentioned us contributing factor, Climbing
cuused "pressure vertigo" and the take off with after burner caused pitch up sensations. Long turns or
subthreshold turns were cause of many sensations also, like the “leuns” and the sensation of climbing in
a turn (fig, 4),

70% of the F16 and R4% of the NFS incidents occurred during day time, 57% and 70% respectively
occurred under visual meteorological conditions (VMC).

The weather conditiops formed the most important group of causal factors, Weather conditions were
involved in 79% of the NFS incidents and 88% of the F16 incidents {t played a role. Especially flylng
utider Instrumental Meteorvlogical Conditlons (IMC) was disorientuting,

Sudden entry in IMC cuused & “lost horlzon" sensution und was confusing, us well as flylng through
scattered clouds. The pllol can also luose his correet idea of the horizon when flying in u "fish bowl,
caused hr cirrus clouds that give u total white surrounding with an otherwlse good view,

Night flying sometimes caused star-groundlight coaflicts or "hluck hole” approaches. A huzy layer or a grey
mix of low clouds and sea surfuce deprived the pilot of a horlzon also and gave way to illusions (fig, 5),

The varlous groundfactors that played a role in causing visual illusions (F16 34%, NFS§ 32%) were flying
over open sew, which caused u fulse percoption of height, flying over u durk terrain with few ground lights,
which caused u star-groundlight confliet und {lluminuted roads or dikes, which gave fulse horlzons. Climbing
terruin wius mentioned as un important groundfactor also, It was detected late in some cuses,

Problems cuused by interaction with other airplunes (Fi6 55%, NFS 459%) occurred especiully during
aircombat ("loss of situatlonal swareness”) and flying on the wing ("leans"). Warnings from the greand; or
osher alrcrafts radar during Intercepts, cuused problems because of distruction and conlng of attention
(flg. 6).

‘The aircraft itself was the source of several disorientating factors, In 50% of the F16 Incidents this pluyed
a role, compured with 9% of the NFS incidents,

Lack of speed sensation, rapid acceleration and high manocuvrehility were the most important fuctors, ‘The
moving lnnding lights can be disorientating when the landing gear comes down, They reflect on the clouds
duting a night approuch (fig.7).

In the NFS5 it was moatly alrcraft malfunctions that were disturbing.

Another difference between F16 and NI'S wus found in the rule the gogkpit luyoul pluyed, 5456 1w 1264
The high sitting pusition of the pilot, the frameless bubble canopy, the low canopy edge, lick of airplane
reference and a large peripheral visual field were the causal factors,

Moving, colourful reflections of the instrument lights, or of bright sunlight, in the canopy cuused the “Stur
Wurs" effect, which {nduced distraction, irritation und vection ilusions, as well uy « d‘m(nished visibiliy,
The instrument Jocation and the stall F16 instruments were also factors that played u role,
Churacteristics of the Heud Up Display played u role in causing a disorientation incident, The small size
and the interpretation of the digital speed und altitude indieution ladders were a problem, as wos the
horizon Indication (fig. 8).

Physical factors involved were: Head movements in turns, which caused G.excens and Corlolis effects,
"Grey outs”, because of high Gz-turns. Rhinitls, that led to fressure vertigo, lllness because of fuligue or
uleohol. These fuctors played u role (n 29% of the F16 incidents and 27% of the NFS incidents,

Emmhz’mujumm played u substantial role (F16 86%, NFS 88%).
Overcontidence was a fuctor, both before and inflight, During flight common factors were: luck of vigilance

und risk awareness, early reluxation afier a turget and a false semsation of safety, the "flying carpet"
fenomenon. A high workload did lead to chunneflud altention, distraction, preoccupmlon with one tusk
und (2sksaturation. This guve illuslons a chance. Target hypnosls occured more in young pllots becuuse
they wanted to perform optimal (fig. 9).

Systenifuictory were less impartant (F16 27%, NFS 159%). Changing frequences during stressfull periods und
busy radio communication led to distraction,

Elight rules played u role in B49% of the F16 incidents and 76% of the NFS incident.
The muin factor that was Indicuted to cause the Incident was the lack of instrument crosscheck, Incumplete
crosschecks and maintaining VFR under IMC were also a problem. And there were several pllots who

zi#reglgr)ded procedures o1 broke rules. Poor lookout and headmovements during turns were also mentioned
g 10).
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Of all the specific couses the most important was the fact, that the aviators had no attention for the
instruments. Other closely reluted factors were looking our for too long, flying under IMC, and having too
much attentlon for the target plane during aircombat, A complete, frequent and conscious crosscheck is
missing in many cases, (fig. 11},

In many cases a complete, frequent and consious crosscheck is lucking,

lllusions

The sensations experienced by the aviators are categorized in 5 groups:
Visual illusions : A, focal vision
B. peripheral vision

Vestibulur illusions . C. semicircular ducts
D. otalith organs

Other phenomena : E. mental states

In the latter case there was no clear sensory illusion, but a lack of mentul control over the whole situation
which guve the pilot u fulse ideu of the carrect position, Often several illuslons occured at the same time,
illustruted by the incident of u pilot during air refueling at night: The constant turn gave him the "leuns’,
ull the lights caused u stur-ground light conflict, the anti collisionlights caused "flicker vertigo” and u closely
overflylng airliner, with lluminated windows, attracted him so much that a vection illusion resulted (fig. 12
and 13),

The most common illusions of the focal vision were u false perception of height, absense of adequate
visual stimuli und the star-groundlight conflict.

Low level flying over smooth water surfuces, deserts, snow covered landscupes or climbing terruin were
major causal fuctors for a false perception of helght, This occurred to 6% of the F16 und 9% of the NF§
pllots, In comblnation with distraction this led to near disasters.

An example of absense of udequate visual stimull (6 and 296) is the aviator who was topping fleecy cloucds
ut night and discovered only just In time that the next cloud was a snowcovered hill top. Loss of detuil

cuuses wrong interpretation of distance, shupe and speed.
The stur-groundlight conflict in 595 of the F16 incidents, wus cuused by flying visual over a dark terruin
or seu with some light spots, The real horlzon was sometimes hurd to find,

The difference in peripheral visuul filusiony between F16 (37%) und NFS (20%) might be due to the
high sitting position of the F16 aviator under the frumeless bubble cunopy.

The "Jost horizon" (13 and 4%) was often the result of sudden entry In the vlouds while the pilot flew
visual or was busy with demunding mission requlrements, The total loss of any horizon reference can be
very confusing und glves alvo rise to vestibulur lllusions, This also occurs In dark nights ("bluck hole"
upprouches), after lightning strikes und at very high altitude,

The "fulse horizon" (7 and 39%) was often caused by llluminated ronds or dikes, sloping clouddecks and
the wings of the leader, during close formation flying in the clouds,

Vection [llusions (8 and 2%), rotuting as well as Ifneur. were the result of rotating anti collision lights or
lunding Hghts reflecting on the clouds, strohoscople runway lights or relative motlon of other afreraft,
‘The reflection of Instrument lights cauned a scvere "Stur Vzurs" effect of maving, colourful stripes In rarc
cuses, Some of the pilots experlenced the "lean on the sun illusion" when ﬂylnglin the clouds with the sun
shining vaguely through the clouds,

Although the 2 vestibular systemy, semlielrculuir ducts and otoliths, are closely related, some of the usions
ure clearly caused by information derived mainly from one to the two.

37% of the usions in the 16 und 29% of those in the NFS originuted in the gtollth orguns.

The high acceleration in the F16, dutlng tuke off with ufterburner, caused somatogravic iMusions in 10%
of the cuses (NFS 3%). At night or under IMC this occurred more often. Atientlon for other Instruments
than the attilude indicutor, like rodar, led to pitch input as o reaction to the illuslon

The sensation of climbing [n & tvrn was a clear illusion in 1396 of the cases in both groups. Especiully
in situutions withouts horizon reference, it led to false Input,

Heudmovements during turns, such as o switch from Head Up Display to rudur, was the cuuse of the G-
excess effect, This led to fulse sensations of attitude (1 and 39%).

‘The clussic [llusions orfginating n the semjcircular ducts were as common as expected (116 39%,
NFS 419%).

A fulse sensation of bank wis experlenced by 12% of the F16 and NFS pilots, They started
subthreshhold turn without knowing, Especiully under a high workload during low level flying, or because
of distraction under IMC, this type | ‘ﬁnnrlemutlun ulmost caused accidents, Only by crosschecking the
instruments in time or seeing the ground coming up, u collislon could be prevented.

A distinction Is made between u fulse sensution of bank and the "leuns’, In those cuses, 5% of the Flo
und 219 of the NFS5 illusions, the pilots knew from the sturt, that what they felt did not fit the instrument
informution. They were struggling against their known wrong feelings while flying in close formation, The
sensution was very strong und lasting in some cases and cuused dangerous siuations during approaches
und Jundings, Student jet pilots fly the NI'S at the beginning of thelr cureer und o great deal of that time
is spent "on the wing", Thix explain: reat difference In vecurence,
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Sensutions caused by turning the head during aircombat, without visual reference, occurred In 4% of the
F16 und 1% of the NF5 cases. These sensations were very confusing and contributed to o loss of
situationul awareness. The Coriolis sensutions are probably for a great deal due o the G-excess effect
(Gillinghumy).

Furthermore there were some cases of somatogyral illuslons, due to "pressure vertiga”, euused by fllying
while suffering from @ cold.

In 479 of the Incidents there were no evident sensory illusions which caused the disorientation. 1n those
cuses u psychologlesl state of mind was involved, that gave the pilot un incomplete idea of his position,
The most common sensation of this category was the "lows of situational awareness", 29% of the F16 pllots

and 27% of the NFS pilots experienced this in a severe way,

In those cuses the pllot was so busy with aircombat that he lost the nverview of the situation, He knew
where the target was, but realised, that he did not know his own position or where the ground wus or
where the other planes were, This explanation is assumed in more and more accidents, The present
generation fighter planes are very advanced and give the pllot more, instead of less, workload. They also
allow & short runge, high Gz, doxﬂrht. In which there Is hardly time for a good crosscheck. Because of
overload, the aviator looses the totul plcture of his position, But in the NFS also it was & frenuent Hlusion,
When he s not aware of it, the pilot can collide with the ground in the middle of alrcombat (type 1).
Visual and vestibular {llusions can contribute lo the problem.

A typicul F16 sensation In the "flying carpet” effect (48). Sitting high and comfortable on top of “the best
airplane in the world" some pilots got a fulxe sensation of safoty andthe feeling thut nothing could huppen
t;: tl:lem. They just cruised (nto bud weather with little vigilance or cume much tov low without seeing
the danger,

Other phenomena were “flicker vertlgo®, irrltating sensations because of anticollision lights reflecting on
the clouds, and target fi-atlon, especially in NF¥ incidents (7%) because of the new, frequent weapon
exercises of student pilots, who were eager to acore,

Analysis of the disorientation seusution

‘The guulity of the senkution und the effects differ between the incldenty.

'The detaction of the fact thut the pilut was disorientuted was in most cases "a matter of instinet", In 70%
of the F16 and 43% of the NFS disorlontatlon cases the aviator just "feit" thut there wus "somethin
wrong", They felt uncomfortuble, becauss they noticed that they lost position awareness or missed visun
grip on the outside world, This led to chccking the Instruments or visual verification of the distunce to
the ground. A much smaller percentuge (F16 21%, NF5 119%) noticed disorientation for the first time,
while checking the attitude indicator, The altimeter was usefull in 19% of the NFS$ cuses, compared with
7% in the F16 incidents.

Sometimen different cues together led to the detection,

The difference In percentuges (inminctlve detection, altimeter) is probably caused by the cockpit layout und
the higher nlttlnr position In the 716, Other wiys (o detect the problem were audiownrnings, crewmember
or ground warnings, aircraft hehrvlour, sudden awnreness nf the distance to the ground and the attitude
indleation in the Herd Up Dlnbluy. This lust one only helped in 2% of the FI6 cusex because of the
difficult Interpretation of the HUD information,

Although {t is hord to xay how long one was unknowingly divorientuted most {lusions were detected in
2 to 10 seconds,

The subjective strepgth of the sensatlon varled. In 50% uf the incldents the aviator xaid it was o strong
sensation, Around 20% could not fel tid of the sensation untill the causal fuctors, such uy luck of visuul
reference, dixappeared. Using the instruments solely wus not enough,

The reualization of being disorientated had some Important piychologlenl cffects.

Moxt of the pilots (NFS 44%, Flo 56%) ucted uccurding to the Instruments nlthough they were umazed,
confused, or shocked.

More dungerous effects were reflex uctions, 259% of the NFS und 18% of the 116 pllots reacted w the
feelings before evolunting them, for example pitch down input after somatogravic tlluuluns or pitch up
during take off, The “glant hund" Fhennmenon wan mentloned us well. A small group dil not belleve the
Instrunlignt information for w while, were flanted on one instrument only or even sut "frozen ut the
controls”,

\

Control of the slrcraft was lost {n 696 of the F16 und 3% of the NFS cuses, In ahout S0% of the incidents
e uvintorn kept full control over the alrplanc, in the remuining cuses control wis decreased or the
nutopilot or crewmeniber flew the plune,

The golugion of tha problem was mainly done with information of the muin instraments. 479 of the NS
uttd $9% of the F16 pilots could recover from the sensation that way, Manoeuvring tho alrplune often
helped to gat the correct iden of positton aguin,

Outside reference was ulso Important, For 5196 of the NF5 pilots und 29% of the Fio pilow, it s
enough to see the ground coming up fust to forget the iden that the uircraft wus in strulght and bval
flight, In xome cases, llke the "lenns”, it tovk up to 20 minuten before the pilot felt allright ugain, bur mus!
sensutions lusted from u couple of seconds to 2 minutes.

When the plarie cume on un undesired uth becuuse of disorientation guided input, it had to be
currected. Moat of the pilots did thls, by using Instruments (45%), or by using the vutside reference (NFS
449, | 16 20%),

The Head Up Displuy pluyed only & minor role In ending the sensation or correcting the flight path.
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All interviewe:t svintors remained unharmed, nllhmJﬁh the aircraft sometimes was damaged during these
mast impre-siv. ineldents by hitting treetops or making hurd landings,

About 33% ol the pilots inteiviewed categorized their incident as a major rlsk for flight safety. 10-15%
saw ro risk in the sit:ation,

Overall incidence

Apurt from the most Impressive ot muit dangerous incidents, the pilots were asked nbout the generul
Incidence of disorier*utlon. All puots had experienced some kind of disorientation during their career, In
most cases this Involved "the leans’, beside some visual illusions.

Of the F16 aviutors, 26% had u near mccldent during his flying career and 8% mentioned to have this
once a year, In the NFS ﬁopulntlon these numbers were 189 und 3%,

These are subjective numbers; an objective observer could have had another oplnion.

“Loss of siwatlonal awareness was most often involved {n these situations (1296 F16, 5% NFES). This wus
caused by u high workloud during alreombat,

Other causes of near uccldents were the fulse perception of he?hl (5% F16, 3% NFY), fulse sensution
of bank und the "flying carpet’ phenomenon, Target fixution scored especlnlly in the NFS population (3%).
Distraction und high workload were important fuctors,

Disturbing sensations, that were not dangerous (F16 60%, NFS 3156), were in most cases also "loss of
situatlonal awareness", but the "leans”, "lost horlzon®, somutogravic illusions, false horizon and G-excess ar
Corlolos fllusions occurred frequently ulso,

And ull pilots regular?' encounter minor illusions in the form of fast detected and solved "leuns”, star-
gmundllg%t conflicts, "false horjzons", ete,

Disordentatlon und the F16

The l46 F16 aviators were asked If they experlenced more disorientution while flylng In the Flo us

compared with other plunes, such ax F104, NES und other types.

25% mentioned it wus Identical. A group of 73% experlencod more disorlentutlon in the F16, of them
48% had somewhat more problems and 25% hud fur more disorientation sensutions. In some cases the
nlrcraft was appreciuted ax less disorientuting.

The clreumstunces In which the Flo pilots were more subdued to illusions, involved mainty flying under
IMC (51%), ut night (35%), In uircombat (30%) and during formation fying (109%),

‘The repgons for greater susceptibllity were diverse,

F16 flight churgcteristicy were ve? important fuctor, Because of the nerodynumlies of the plune there
Is 1o wensution of speed, The pilot feels or hears no difference hetween 200 or 600 knuts, Fspeclally in
uircombat thix cuuses problems,

The "fly by wire" system, In which the computer does the uetuul steering, cuuses u luck of feedbuck from
the stick, There are no forces from the stick that let the pllot know what the ulreraft is duing, The correct
sonvation of attitude Is more difflcult to get that way.

Because of the high munoeuvrability, the sharp turns with high G-onset, the pllot experiences mure
dlsorlentation, The workloud Is high und because uf the possible tusksuturution this cun Icml to chunnelized
attention and lack of u good Instrument crosscheck, which can result [n “loss of situntionn! awareness”,
The lineur uccelerution during ufterburner tuke off caused xomatogravic itlusions, The fuet that the plune
s eusy to fly in a comfortable position led to the "flying curpet” sensution In xome coses,

There ure some aspects about the position of the pilot in the ueroplane that lead to more disorfentation
in u number of pilots. The lower edge of the cockpit ik neur to phmn upperlegs und he I sitting under
u huhble cunn‘)y with u 360" fleld of vision and no frume for airplune rc&rence.

Bocuuse of this high sitiing runhlun there is u lurge influence ?mm the peripheral view, fur example
when he Iy looking through the HUD. The uvintor hus little or no possibility 10 escape from {atertal or
externul llght reflectiony.

Sitting high on top of the uireraft, that cun hardly be soen, also contributes 10 the "flying carpet”
phenomenon,

The u;nd_mﬁ?_m (HUD) Is u nophisticuted Instrument that creates several problems. The 37° angle
between HUD und the rudur screen necessitutes pitch movenients of the head, w':lch cunt crenle Geexcess
illusions In turna, Also the distance to the other Instruments Is too lurge. Interpretation of the dightal
speedl und altitude indication Is very difficult in periods of stress, There (s hurdly uny difference notlcable
hetween rapid chunging numbers, 1,000 It can be interpreted us 10,000 ft. Horlzon and up/down indicatlon
I another problom. During upprouch this creates problems. In the dugflight mude there Is no horizon
indication ut ull, and in these situations, that lead to loss of situational swareness quickly, the pllot
primarily needs just thut, Expeclally when (here is no well defined horlzon, The present lsUl) is tou small
(10 by 10 ¢m), 8o the pilot hus to muke movements wround to see all information, und the motion of the
projection itself is disturbing.
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The gockpit luyous is n disorientating factor beciuse the primary Instruments, like the atiitude Indicator,
are too small, too tar away and placed too low, Developed as s daylight fighter, the main instruments
were less Important than the view, In the Europeun Theatre with its had weather however, the pilot needs
a quick und cusy crosscheck possibility, Certaln instruments he needs in stressful periods ure placed at
distracting locutions and make hesdmovements necessury. ‘The modern avionies and the vast number of
possibilities raise the worklowl,

Another disorientating fuctor, that is connected with flying ihe F16, Is the possibility of elimbing out after
the leader while locking him with the radur. This can cuuse chunnellmf attention on the redarscreen
and reactions on somatogravic illusiona,

The moving reflections of landinglights on the clouds, when the gear comes down during un upproach in
the clouds st night, can cause vection illusions.

'lTh; operational use of the F16 also plays a role because of the high workload during demanding missions
n bhad weather.

Suggestions for pravantion

The causes, {llusions, Incldence und F16 susceptibility give a pleture of the disorientution problem within
the Royul Netherlands Airforce. To prevent any future incidents and accidents muny chunrel und
improvemenis are noeded. The interviewed pilots were asked for suggestions to solve the problem und
made the following recommendations:
Frequent h:ln.ﬂnTn on the subject ure very Important, From flight commander and flight sufety officer to
medical corps, all levels should regulury brief on the lmrfmrlunce of & ‘fond. regular crosscheck and the
dungers of flylng. Before speclul exercises, like low level flying over the desert or over snow covered areas
uttention should be druwn to spacific problema, Student pllots that go on thelr first special mission should
be briefed on the dangers of thut misslon, Accident {nvestigution reports should eome to the syuudrons
}xulckly. otherwise the preventive effect will be lost, A preliminury report, within two weeks, |8 important.
eulistic recordings of uccidents, will have un importunt impact, Dully debrisfing of all [ncldents, und u
possibllity to wnonymously report an incldent will provide colleagues with useful intormation,

With demonstrations the effect of high worklowd on the crosscheck and the effect of disorlentation on
performunce cun be shownh convineingly. Intiight demonstrutions dre VGIX useful, hecuuse the seasations
are reul und the psychological effects will huve o grent imprct. These demanstrations, howsver, cannot
show everything, moreover, they ure not without danger,

Ground bused devices are more practival und can show more Hlusions, but huve to be very realistle to
convince the aviator, They should be equipped with a very 'pnod visun! system, u realistic cockplt luyou,
feedbuck possibility, motion in 3 wxes and some amount of G-forces to be renl enough. Alsu the pilot
has to fly o "real” mission with a high workloud and distracting features, Only thun the necessity of u good
und regulur crosscheck cun he demonstrated.

Some disorientation demonstrution cun be done In an operational Qight wainer or In an sirconbat
simulator, to xhow visual illusions or the development of the "loxs of sliuational awarenes”,

lnnmmm.ﬂluh.LﬂEl.mlnh:‘u should be pructised often und thoroughly, so the pilot will not be in « new
situntion when he enters bud weather, which is une of the most Importunt factoes cuuning disorientation,
This must be done In the simulator, but Inflight also, Mare I trainlng hours ure needed und thers should
be regular IF checka by Instructors,

To pructise instrument ﬂylnp In good weather, there should be possibility (o cover the cockpit or otherwlse
prevent outside reference. "All wenther" atrike missions can be exerclved then,

‘The pilots must leurn how to fly an approach without uxe of the HUID, And when the plane gets Into an
unusual attitude, the avistor hus to know very well how to recover In time. Thix 1o should be tralned
more often, so the pilot knows what to expect,

‘The prgunisation itself needs to be chunged also or several poinis, uccording to the uvintors.

The F16 I8 a demanding neroﬂlune that hos to be flown regulary to may proficient, It tukes quite some
time 10 geot fully acquinted with the plane und especlully xtudent pllots need many flylng hours n week 1o
laurn how to fly the plane sofely and efflclently.

The NATO standard of 240 hours u yeur should be flown, with a minimim of 90 hours for stuff pllots,
The tochnleal knowledge of the pilots about the F16 ix jeupardized by mandatory usttention to other
uctivitles like exesclues, meetings, courses,

More wartime tusk teufning I8 necessary to know how the plane will react to u full bombload, for exumple,

The luck of experienced pilots is u bly problem, Muny of them left the airforce for hetter puld or
"healthict" johs, or they were transferred (o a "puper” Job at the ulrforee staff, The conmoquence Ix lexs
instruction. Young pilots are being pushed to fly difficult misslons without pruper experlence or to lake
respunsibilities beyond their cn uf)l“tles. Measures should be tuken to keep experienced pilots in the
uirforee und in the fleld of tlightinstruction. More demanding functions should only be given o the aviators

who meet the requirements.

Supervislon remuins Important, to prevent yaung pilots going too fur to impress thelr coliegues und to
prevent overstressed ot unfit pliots going on a demanding mission, There alvo should be regulur flight
sufety checks. The fmportanco of regulutions and procedures han to be often repeated.

To prevent high workload during the flight. the planning must be optimal, including the lust purt of the
misslon, ufter the target Is made.
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One of the pperational suggestiony that have been made, Is more use of the autopilot, Using this feuture
in "altitude hold" durlng instrument flying over flal terrain decreases the workload,
After a period of non-flying a4 G-warmup (s necessary. After alrcombat it is not advisible 1o enter ihe
clouds in close formation, to prevent the "leans”,
Young student pilots should go on thelt flrst difficult trip with an inatructor,
A "rudar locked on behind” cllmb put with several aircraft hus to be avoide:! especially for unexperienced
llots.
very demanding or distracting action to be taken during low level flying should be preceded by climbing,
All ainemlon has to be on the flying and when there Is not much detail visible the pilot should not go
very low,
Tory revent reflactions in the cunapy, non-reflecting materials should he used, The HUD should not he used
durﬂ‘lg extrome manoeuvres or during bad weuther. If there is any problem the pilot should transfer to
rimary flight instruments (PFI) and remain there,
f the pilot comes to the conclusion that he Is disorientated he must terminate the manoeuvre, level ofi,
use only PEL, keep hix head still, switch on the autopilot in aititude hold and put all instruments correct
aguin,

'The F16 mm_m%mn caunes o greater susceptibility for disorlentation,
Severul structural chunges are needed, A lower Illumination level of the Insirurients und radar and non

reflecting materials cun prevent the "Star Wars® effect.

The basic Instruments should be pluced right in front of the aviutor in the right order for a good, quick
crosscheck,

“Heads up and hands on" decrenses distruction und headmovements,

The instrutnents should be lurger und more relinble, e, the nlnndh;r uttitude indieator,

All equipment to be used In combat situations should be forward, like the fire control navigation panel
and the wwitches for chaff, Nure und electronic counter meusures, as well s the video switch, The lust
ftem cun possibly be connected 10 the "dogfight override” switch,

The Heud Up Dixplay Is going to be ieplaced by o wide nngle version (15 by 18 em). This must glve the
pliots u botter view of all informuation. A betler up(down indlcution, insteud of the present dotted lines
should be prevented us well ux u good horizon in the doglight mode.

A good "off'-indiention is necessaty, To warn the pllot that the HUD bas o malfunction

Round dlals are Berhupn better interpreted in stressfull periods with rupld changing speed und altitude,
‘The present HUD [s not yet fit to be used uy u primary {nstrument because of the mentioned short
comings uind {t ix not to be used in stressful periods or to solve disorientation,

Many technicul vements have to he mude,

A combined altitude rudar altimeter (CARA) will give the pllor more chance to avold a collision with the
ground, An sutomatic low ulthiude warning whh uudiosignul hus to be bullt in, and this may prevent o
number of aceldents,

A moving map displuy will help the pliot to creute the correct pleture of where ho v going, This lowers
the warklond, The ubstract waypoints, like they are shown now, are not convineing unuugﬂ. Louking an
u map during low level wrns crontes dungerous sliuations.

Porhups a transparant frame cun be flxed on the canopy, to have un aircraft reference. Visual fHlusions
dl\;rh:gﬂuﬂwmnch can he partly compensuted for by 4 visual upprouch slope indlentor system (VASIS) on
ull ufrflelds,

It Is possible thut some of the missions flown in the K16, such ux "ull weather" strike, are too demunding
fur one person. Dual F16's muy be needed in those cuses, untill better haed nind software can take some
of the worklond away from the pilot,

Certuin tochniques which ure being teatod muy prevent part of the disorlentation uecidents.

‘The Duta Transfer Unit (D'TU) will reduce worklond during flight preparation,

‘The terruin following rudar, which {5 In use in severul types of afrcruft, Iv necossary for safe low level
flght In mountalnous terraln, at night, or in bad weather. The negutive sde Ix the trueing problem. A
terruln reforence aystem ‘s pussive and will tell the pilot whers the ground is or where obstacles aie at
all times and warn him (0 every possible way, while the aviator pllots the plane blmself, with or without
night vision u(:j;ulen.
A ground nvoldance system cun tuko over if an ultimata ¥ Oz pull up s needed to uvold a collision, Other
nuvigation systems, aro the global postioning system snd “fuslon” aystemain wich rudur und infrared
nformation is combined with the mup display, A combination of these systema may reduce the workloid
und will bo an improvement for flight safety,

Lrevelopments like the Malcolm horizon, direct voice control, touch sensilive sereens und helm mounted
displays if fufl sufe snd uned In the right wuy can make flying (n high performance alreraft even sufer,

CONCLUSIONS

All Intorviewed uvlators have been dinorientuted in some way during thefr career, It oveurs at all ages, on
ull experience levels and in ull alrcraft und it Iy often & combinution of fuctors thut cuuses the problem,
Most important are weuther fuctors, visual reference, pnyclmlnulcul and procedurul fuctors,

All these fuctors lead 10 4 pour instrument cromcheck. Thin muken it possible for visuul, uod vestibulur
illusions, an well ax for certain mentul states, to develop,

The moxt common illusion Is the "lean”, experlencad by most pllots in a light or disturbing form,

The most dangerous s the "lusy of sltuational awareness”, which Iv caused by o high workload und
chunnelized attention during sircombut without well defined horizon. This phenomenon lod 1o the most
neur accldonts,
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Other causes of near accidents are fulse perception of height, fulse sensution of bunk during low level
manocuvres, and target fixation,

‘The disorientation is in most cuses detected by "instinet', with the detection of an uncxpeeted attitude on
the attitude Indlcator during a crosscheck tuking a second place far behind,

One third of the most serlous incidents were a sarlous risk for flight sufety and 5-8% of the aviators
experlencing a near accident, due to disorlentation, every year.

73% of the avintors mentions to be more susceptible for disorientution during flylng in the 116 than in
another alrcraft, especially while flying at night, under IMC or in aircombat. The rensons are: The high
sitting position under u frameless canopy without uireruft reference; little feedbuck and sensation of speed;
high manoeuvrebillty with high Gz-onset und lneuir accelerution; smull HUD with difticult interpretation;
& poor cockplt layout with small instruments und lurge necessury hendmovements; und the mission
requirements wich cause a high workload.

To prevent future disorlentation Incidents and accidonts the crosscheck should be improved and the
workloud lowered, Also technical improvements ure needed, This cun be reuched by

A, Better and more briefings on the subject, with realistic materlal.

B. Inflight and, realistic, groundbused <emonstrutions.

Regular and better IF training,

More flying hours.

Better supervision and no pushing of unexperienced pilot,

Lesy reflecting materiuls,

A wide angle HUD, with better information presentation,

A better cockplt luyout, with the (nflight stress munugement system up front, und lurger instruments,
Severul technical improvements, like a terruin reference system, a ground uvoidance system and,
perhups, # dual F16 for "all wenther" mixsfons,
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SUMMARY

The ability of the pliot to maintain sltuation awarenass is recognized in the pliot community as crucial o mission success and
survivability. The design of the pllot vehicle Interface musi therefore be guided by the goal of maintaining and enhancing piint
siluation awareness. A formal definition of sliuailon awareness |s presented in addilion to a delailed description of ihe Situation
Awarenass Qlabal Assessment Technique (SAGAT). SAGAT was developed as an objective measure of a pliot's situation awarenass,
Including pliet knowledge of ownship slatus, the lactical anvironment, his overall comprehension of the situation, and his abilily
to project the tactical sifuation Into the near fulure. SAGAT allows for a variety of systam design concepts to be evaluatad on the
basis of situation awareness, as well as workload and performance, thus providing the design com—unity with a much needed tool.

INTRODUCTION

Slivation awareness (SA}, the pilot's knowledge of the world around him and his place n i, has become a design goal of
major Importance In the past few years. Research is flourishing In many areas, including:

1.) sensor technology and sensor integration,

2.} advanced cuntrol and display devices - t.ead-up displays (HUD), heimet mounted displays/sights {4MD/HMS), voice
activated conlrols, touch sensitive display screens, panoramic and virtual display concepts,

3.} Integraled, symbolic, color an * three-dimensional display formats,
4,) automation of pliot lasks through experl systems/artlficial intelligence, and

5.) intelligent alrcraft systems lor integrating, prioritizing, filtering, and commuricating Information to the pilot in a
timely, siluaionally appropriate manner.

All of this research has one goal in common: fo improve some aspect ol pilol situation awareness, and thus, hopelully, his
overall mission performance and survivablilly. Designers and researchers in thess areas have baen hamperad by two major
problems, however, First, u common, congislent dalinition of siluation awareneus is needed. A researcher concentrating on
spatial awareness, for inslance, must be aware of liow this aspect of SA Interacts wih the pliot's simultansous dasire to obiain
awaraness of other aircratt In the environment. A researcher designing an expart system for the cockpit needs to know just what
aspacls of the siluallon are importam and when. As most people working in this area have dacovered, this is not a irivial
problem. A precise definition and detalled undersianding of situation awareness Is required.

The sacond Inajor problem hindering researchers has bean the lack of an oblective technique for evaluating competing
design concepts. Subecilve techniquas for evaluating SA, (e.g. rate your SA on a 1 lo 10 scala) have serious short comings. Since
the pilol does not know what s really happening in the snvironmant, his ability lo sstimate his own SA is quite limited. A pilot
may think he has perfect SA and be totally unaware of the enemy alrcralt on his tall, his depleted fuel state, or a slight, but
lethal, pitch down,

It a pllot 18 asked to subisctively evaluate his SA in a debriefing session, his rating may also be highly talnted by the
outcoma of the mission. When parto;mance is favorable, whether through good SA or good luck, the pilot will most likely report
good SA, and vice-versa. Furthormore, as this information Is gathered ater the run, the pilot will probably be inclined 10
ru'xbnl:‘lzo'and [ovsr generalize about his SA, as has been shown to ba the case when Information about mental processes Is collected
atter the fact [15).

While performance s always the “bottom-line” critarion, much of piiot performance in the tactica! environment Is, by
nature, highly variable and subject to the Influence of many othar factors besides SA. In other words, a new systam may pravide
the pilot with belter SA, but In evaluatlon testing this fact can be easily masked by excassive workloads or poor decision making
it overall mission parformance !s usad as the only dependant measure. The second problem with this typa of approach stems from
the Interactive nature of situation awarenesa sub-components. It is quite easy for pilots to blas their attention to a single Issue
which is under evaluation. However, Improved SA In one area may easily resul! In decreased SA in others, ylelding misleading
resulls If only one issue is examined at a time. What resesrchers really need to know Is: how much SA do pilets have when taxed
with all of the muliiple, competing demar.ds upan thelr attention that occur In flight.

For this reason, a global, objective measure of SA Is important. To improve pllot situation awarenees, designars need 1o be
able 10 evaluate the impact of design concepls on SA directly. Only thirough scienlific, objeciive evaluation of these many concepis
(and resuhlant concep! refinements), can the desired improvements in pllot SA be realized.

It Is the purpose of this paper to present lhe resuits of ongoing research at Northrop in the area of situation awarensss
definition and measurement.
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SITUATION AWARENESS DEFINITION

A model of pllol dacision making is presented In Figure 1. It Is the pilors situaion awareness, his mental model of the
world around nim and his place in it, that directs his decision making and tactical performance. Sluatlon awareneas forms the
critical input to, bul Is separale from, pilnt decislon making, which (s the basis for all subsagueni pilot aclions. Even the best
trained and most experienced pllols can make thé wrong decisions if they have Incompleie or inaccurate S8A. Conversely, a pilot
may acaurately understand what Is ocourring in tha environment, yet not know the correct adtion to lake or ba unable carry out
Ihat action. Fur this reason, it is important that SA be considersd separately from decision making and performance,

The pliots SA Is derived from & number of sources Including ths aircraft interfacy, communlcations with other alrcral,
and the environment direclly.  The quality of a pllot's 8A is moderated by his parsonal capabilllies (a product of his Inherent
abllities, training, and exparisnce), his praconceptions and objectives (lypically established In the pra-mission briefing), and
his engoing task workload.

The SA construct iisel! can be broken down into three levals, as is deplcted in Figure 1.

The pllot parcelvas the elemenis (8.0. an alrcralt, a mountain, a warning light} that are preseni in the
snvironment, along with thelr ralavant characteristics (0.0, color, size, speed, location).

Level 2 SA - Based upon his knowledge of these elements, pariicularly when put logether to form patlerns with the other
slements (gestalt), the pilot forms a hollstic picture of tha environment, comprehending the signitivance of objects and svents
For example, the pliot nol only detects that & red light has appeared on the warning panal, but he alsa comprehends that the
appearance of that light indicates the failure of a particular system which ia life threatening. He comprehands that tha nppearance
of three enamy alrcralt within a oe.tain proximity of each other and in 8 oertain gecgraphical location Indicates cerlain things
about their objectives, which, in turn, loads to a projection of posaible future soenarios,

Livel 3 SA - It Is the ablity to project the future aclions of the elements In the environment, at least in the very near lerm, that
forma the third and highest lovel ol aituation awareness. For example, knowing that a threat aircralt I8 currently offensive and
Is in & oertain lcoation aliows the pilot 1o projact thai the threal aircraft Is iikely lo attack in a given manner. This gives him the
knowledge (and timu} necessary fo deckie on the most favorable course of action 10 meet his objeciives.

Intervigws wilh pliots indicata that a common sel of slamaents Is appropriate across a wide varlety of tacticai misslons and
misslon segmenis, Due to changing situalions and objeciives, the relative importance of each of these variablea changeu ovar lime,
howaver. At any point in lime thera is & subset of this information whioh is primary and the remainder which (s sacondary, but
stil of some imporiance. A classlc axample of this poinl occurs when a pliot becomes henvily involved in dofualing a missile, He
may fall lo pay attention to his fiighl paramaeters and consequently fly Into the ground, even though he Is succenslul at his primary
task ot detealing the miguile. It Is clear in this insiance that while Information concerning the airborne missile is of primary
importance, other information I8 also imporiant, Just secondary, The attentional narrowing brought on by high workload led to an
unacceptable and lethal decreass in SA.

FEEDBACK

WORKLOAD

SITUATIUN  AWARENESS

ENVIRONMET
—_—

PERFORMANCE
OF
ACTIONS

PROJEC FION
OF FUTUNE
BTATS

DEGIBION

—

Y
INDIVIDUAL

PRE-

DOCTHINE,

CONCEPTIONS |, |g——— (ABILITY AULESAND
AND EXPERIENCE, PROCEDURES,
OBJECTIVES TRAINING,

FIQURE 1 PILOT DECIBION MAKING MODEL



From this description, SA I8 delined formally as:

“the perception of the elements In the environment within a volume of time and spacs, the
caomprehension of their meaning, and the projsction of their etatus in the near future“.

The slomenis in this definition have been explicitly defined for air-to-air tactioal missione through task analysis and extensive
Interviews with pliols. Elements fall inio the following oatsgories:

1) AIRCRAFT - knowladge of ownship, friendiles, and snamies, including their looation, weapons, system, and spailal
attributes;

2) GROUND - knowlmdge of ground forces, terrain, femtures und refarence points;
3) MISSILES - knowledge of airborne misalies, thelr location and stalus;

4) COMPREHENSION - higher level comprehension ol the mHuation such am priority/imminence of threats,
advantages/dissdventages, threat knowledge, capabllities and objectives; and

&) PROJEGCTION - projsction of frisndly and threat actions In the near future.

Tlho pfcrotpllon elements, comprehension and projection requirements can aiso b described explicitly for ditterent missions and
alreralt types.

This dafinition has severs! Implications. First of all, It is imporlant thai Iha pliot understand the situation. as well as
merely Jnmlvo It A novice may ba able (0 detect red warning lights or enemy planes, but Lhe pliot with irue SA will know the
detailed Implications of a glven system fallure (e.0. possible causes, impacts on other systema, imporiance 10 the mission and
survivabliity) and will comprehend snemy taclics and inlentions based on alrcratt formations and looation. The really expert

ilot will be able to projecl tuture evenis based on ourren! pa re. He can operate in an active rathar than reaclive mode i
& can "think ahead of the alrcrafi®. Designers nead to be aware of these Higher level BA needs, not just individual slements, if we
are to halp pilota over the information prollteration problem which Is ourrently angulfing them.

Secondly, there truly is a large number ol slemenis that pliots are required to attend to, In ordar to achleve 8A. They need
to be aware of navigational and spatial srrangemenis of themssives and ground references. Thay need fo simultangously be aware
of ownship capablilias and flight parametars and those of many others I the tactical environmaent, both friendly and enemy. To
achlgve this, pliots often rely on (nformation sampling and the use of selective aitention, Pliots oan easily be the victim of thelr
own coplng strategies, however, since, "sitentional narrowing®, the fondency to fouus on singular aapects of the situalion during
high wotkload, canh result in & lethal loas of SA In other areas, Deslyners face the challange of providing the pilot with the datalled
8A he neads for specific tasks, while simultansounly mainiaining & high level of ovarall 8A, within workload consiralnts, Design
concepts which fail to ieke Inlo account this collective need for BA across many areas will inadveriently limit pilot SA In an
unaceoptable manner.

COUNITIVE FOUNDATIONS

80, how do pliofs manage lo achleva SA undor suoh demanding circumsiances? A limited capaoity, serlal processing model
ls deplated in Figure 2, as one possible framawork for understanding the SA process (modified from Wickens(18) }. The
environment (s (nitlaly processed presttuntively by the pliot through parallel iconio and echole memory stores (sensory
replsters for visusl and audio Input to the brain),  Certain oroperlies will be obsarvad at this stage, providing cues for further
jocalized atieniion, The pilot may choone o diract his attention towards certain objects in the snvironmant based upon
characterlstics such ap locetinn, shaps, color or movemant ,

Further processing of these objecis/teatures will typloally be directed b{ their saliency with respect to the goals,
objectives and tasks ourrently aclive In working memory aid b{ thelr saiiency In light of pertinent schema sctive In long term
memoty. Schema are memory siores which organize bodies of knowlsdge into integraied meaningtul frameworks. Schema oan

ovide cohsrenl frameworks of understanding, encompassing highly complex sysism companents, siates and functioning. For
nelance, a schama for "missile smployment” might include: drn-mlo telative positions of own and threat alroratt (location,
altitude, alrspead, heading, flight path) and current wespan selection including weapon envelope/capabliities, current Pk, and
rate of Pk change. Il this achama was active, the pllot would be Inclined 1o seek out and procese. thoss portions of the environment
which ware required by the schema,

Hayes, Watarman and Robinson [10) and Fobinson and Hayes [17] found that schema will be used 1o make judgemants
concerning whioh information In relevant to & problem. Hinsley, Hayes and Simon [11] found that people will criegorize
Information simast Immadialely into a schama thai direcis problem solving.

In nddition, the plict SA/decision making process can be viewad as a dual procuss whereby aclive schema and scripts are
diciating which Information 1o focalize sttention on (conceptually driven), and simultaneously the prasence of cartmin objacts of
attribules in the environment will activate new schema In long-term mamory (cata driven) [1). (f the pilot detacled a new
lhralli I:v example, he might cease 10 operate on the “missile employment* schema, and & "threat assessment” schema might be
otivated,

The schema selacted, when delalied enough, can be used o direct situation comprahension, tuture projection, and decision
making. A *thraat assessmeni schema*’ might include information as to what patierns of threals and threal movamenis constilute
oftenaive versus defensive acllvities, for example. Future threat movements might be predictabla from the schems through a
classitioation of current threat movements into known tactics. Appropriaie tactics for countering given threal actions might alae
bo reaident in the schema, greatly simplitying decision making.

Tivs between the schema and soripts, sequances ol appropriate actions for Iask performance, will aiso greally faciliiate
the cognitive process. The pllot will not have to actively decide on appropriate actions at avary turn, but will automatically know
the actions fv take lor a given sliuation,
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FIGURE 2  MECHANISMS OF SITUATION AWARENESS

When schema are not prasent 1o draw Upon, working memory will be haavlly loaded, as aclive processing will be required
to comprehend, ’;roloot. and oarry-oul decision agilvities. Fracker (6] has hypothesizad ihat working memory constitules the
main boltienack for situailon swareness. Hartman and Secrist {8] have proposed that highly experienced pliots “il use largely
automated processes (such as an sulomated peroeplion/action sequence direcled by long term mamory) o circumvent the
limitations of working memory. (The risk of sxtensive aulomatia processing (s thal it tends to proceed with limited use of
feedback. Pilols may De less duta responsive In such sliuationa.}

Whereas rovios pllots may have to rely on simple rules and heuristios {rules-of-thurab), the expert pliot will typlcally
have a much richer base of Infornation to draw upon, expresaed in schema In long-term memory. These schema, detaliing the
relavan! sysiem ocmponents, atiributes, and funationing in such a way as to provide ouss for pattern matching to the schema, can
provide predictablity of system dynamics, and ties to appropriate scripta for situational outoumes. BA will be largely
dependent upen the existence of wall developed repressniations in long-term memory, delailing a modsl of the funciloning of
obiects alons and with others In the environment and providing for the projsction of future aolions of that object, Whan such
sahema do nol exist, SA will be limited by the constraints of working memory.

In the complex environment of the fighter pliot, attentional demands dus to informational overload, complex declslon
making and multiple tasks can qulcklr excead limlied coghitive resource capacities. Problems wih non-optimal information
sampling, visuat dominance, and altentional narrowing under such high demands also seriously [Imit pliot 8BA,

In summary, situalion a ness Is & complex process of perceplion and paitern matching greatly limited by working
memory and alteniional capacities, Attention sharing and aulomated processing may serve lo alleviate these limiiations lo some
degree. Ovorsll, it oan bu swen that the combat pilot must develop 5A on the basis of wall founded and detailed schema or mental
models of the snvironmant it he is fo be successiut in his tasks.

A curteht chailengs Is to define and further understand the appropriata schema for guod A, A goal-direcled lask analysls
was oonducted towards this end, an example of which is shown In Figure 3. The BA required to support sach goui/subobjeotive
across & varisty of Air-lo-alr missions was cescribed in detail. The next step In this ongoing effort will be to empirically
validaie these findings and ocnatruct more detailed menial modais which take into sccount the interactions and relationships
among tha components. Whan such models can be constructed for ail of the pliota major tasks, & major knowledge base for
tralning and denign declsions will be avallable.

BITUATION AWARENERS MEABUREMENT

The challenge of designing systems which anhance SA, glven the complex, mult-diinensional nature of the consiruct, ls
greal, To achieve fhis goul, designers nead to be eble lo objectively avaluaie dasign concepts’ Impact on pilot SA. The Eliuation
Awarenesa Giobal Assessment Technique (SAGAT), has bean devaloped (8], [6], |7} s an objeciive measure of pliot 8A In manned
simulations, SAGAT provides & comparison of tha real situation (au it exisls in the simulator) to the silustion thal the piiot
perceives, his SA. BAGAT assesses pliot 8A in the following manner:
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+ The pliol files @ mission scenarlo uning a specified aircrafl system In man-In-the-loop simulstions.
s, Al random points, the simulation is stopped and the cookpit and out-the-window displays are blanked.

« Tha pilot is asked a series of quesiions lo determine his knowledge of the sltuaiion at that exsct moment in time. The
quesilons correspand to tha pllots specille SA requirements inclusive of percaption, henslon and projsciion
elemeniy, The SAGAT querles are currently programmed on & Maoiniosh computer, availakle at each pliot stailon, to
allow for the rapid input and storage of highly spatial information. An example of & SAGAT query is shown in Figure 4.
Each query has been designed 1o allow for rapid pliot Input by framing the questions and responses In a manner which (s as
compalible with piiot knowledge repregentations as possible.

s Asltls Imronlblo 10 quary the pllct sbout il of his BA requiremanis in a glvan stop, & portion of the SA quaestions are

randomly aelected and asked of the pliot sach time. This random sampling method provides consistancy ahd slatistioal

validity, thus allowing SA scores 1o be enslly compared across irisle, pilots, systems and missions. Somae of the questiona

lé\Al?y' pank'alglnr query pertain to highly important 8A Information and some of the quesilons periain to more secondary
nfermallion,

This praventa inadvertanily cueing the pllot and keaps him from biasing his attention to insues under evaiuation.

» At the completion of the trials, thu query answers are svaluated on the basis of whal was actually happaning In (he
simulation, This Is mocomplished by comparing tha pliot's answers to data collected from the simulation compuiers,
(Whera necessary this may be augmenied by subjeciive evaluations from a team of exper pilols, e.9. for a determination
of the priority thremt,) Tha_compariaan of the. )

Thus, BAGAT provides an objective, global measiire of the pllol's SA. The Air-to-Air Tactical Varsion of BAGAT consists ol

38 queries, Inclusive of the plioi's knowledge of his ownship status and his awarenass of the locatlon and atiributes of his
opponents, his higher level comprehension of the situation, and his ablilty to project luture states of (tha tactical environment,
By objectively avalualing pliot SA, and using this Information lo select and refine dasign concepts and overall aircrafi aystem
design, the goal of oplimizing pilot A can becoma achisvable.

[u] DESIGNATE AIRCRAPT'S TAQTIOAL CONDITION
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FIGURE4  BAGAT QUERY EXAMPLE
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Ressarch at Northrop over the past severul yaars has baen directad at valldating that 8A Information can be collacted by
this type of method and al determining the exact conditions under which it should be administared. In determining whethar SA
Information will be reportable via the SAGAT methodology, several poasibililes must be considered:

1) Dala may be processed by subjecis In short terrn memory {STM), nevar reaching long term memory (LTM). In this case,
Information would not be avanablo during any SAGAT testing which exceaded the STM storage limitations (approximately 30
saconds with no rahearsal). If a sequential Informatlon processing model is used, then it is possible that infarmation might enter
Into STM and never be siored in LTM where it would be avallable for retrleval, There Is a good deal of evidance, however, thul
8TM muy not precede LTM, but merely ba an motivated subset of LTM (3], [14], [16]. In this type of model, Information precaeds
directly rtom sensory memory fo LTM, which Is necessary for pallern recognhion and coding. Only those porlions of the
snvirenment which are sallent are then highlighted in 8TM (eliher through focalized attention or automatia activation), This type
of model would pradiol that 8A information which has bsen perasived andior furiher processed by the pliol would exist In LTM
stores and thus be avallable for recall during SAGAT testing which exceads 30 secands.

2,) The data may be procesnsd In a highly sutomated fashion, and thus not be in the subject's awareness. Experi behavior can
funclion in an automaled processing/action sequence In some oa Saveral authors have found that even when slfortiul
processing (s not used, the information s retained in LTM and is capable of aflecting subject responses (12], {13), [16]. The
ijo of questions used in BAGAT, providing cued-recall and calegorios) or sonlar responses, shouid be receptive to reirieval uf
this type of information.

3,) Tha information may be in LTM, but not be saslly recalled by the subjects. Evidence suggesis that when effortiul prooessing
and awareness are used during the storage process, recall is enhunced {3). BA, compased of highly relavani, aitended io and
proce: Information, should be most receptive (o recall. In addition, tha SAGAT battery, requlring aategorical or soslar
rasponses, s & cued recall task, as opposed 10 tolal recall, thus alding retrieval. Under conditions of SAGAT testing, the subjects
are awars thal they mnr be asked 10 report their 8A at any time. This too may ald In the siorage and relrigval process. Since the
SAGAT battery is administersd immediately after ihe freere In the simulation, no time for memory decay or competing evant
Inlerterence is aliowed. Thus, the condltions should be optimized for the reirleval of the SA Intormation, While It cannot be sald
g&tglAqum ﬂml.' 100 percent of the subject's SA oan bo rellscted in this manner, the vast majority ahould be reporiable via the
..

To Invesiigate these issuss and others surrounding the use of this technique, wo studies were conduoted.

GILDY 1 - A study was conducted to determine how long aher a "fresze In the simulation SA Information could ba obialned from
the pliot, A st of air-to-air engagements was conducied in Norlhrop's manned Interactive multi-angagement simulator lacllity.
A fighter sweep imisslon with a two versus four forcu rallo was used for the iriala, Fifteen trinis ware conducied. At m random
point In each trial, the simuiaior was “frozen* and SAGAT data Immediataly cclleated from all six pariicipanis, providing
|pgrunlmutoly 90 dala poirits per quety. The subjects were all experienced fighter pllots currenily employed by Northrop. All
subjects answered ali the qu In the SAGAT bnllo? in & random order at esch stop. (Eech quary was tharelure asked at &
varisty times after the siop across subjecis and triala,) Fol

llowing the completion of the SAGAT battery, & new trial was bagun.

The SAGAT data wats analyzed lo deturmine sl what point 8A components dacayed in the subjects’ memory, It was
hypathesized that Leval 1 BA componenis would deteriorale fairly rapidly, end only Level 2 and 3 8A components would be
nocessile for longer perlods of time, as this information would be mora highly processed. The resulls of the study, an example of
which Is shown In Figure & did not revasl the axpecied decsy for Level 1 componianis, howaver, even when & given quety was
answered five or six minutes after the break In the simulation, Simllarly, Level 2 and 3 componenls did not revaeal & decay over
ihe SAGAT tealing perlod.

Two explanations can be offored for these findings. Firsi, this study Investigaied nﬁwl sublacis’' knowlodge of
information which wats exiramely imporiant to \ask patiormmnce curiig @ realistio simulallon of those tasks. Mosl (aboralory
studles which pradict feirly rapld decay times (approximately 30 seconds for short-lerm memory) Iypically emplvy the une of
stimull which have little or no inherent meaning to the subject (nonsense words or pletures), The atorage and utilization of
ralovant Information may be quite different than that of irrelavant informatlon (2).
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Second, the rasults indicate that the SA infarmation was obtainable from long-term memory sicres. If schema, or other
maechanisms, wera used 10 organize SA information (as opposed to working memary processes only), then ihat Information would
be resident in long-term mamory (LTM), The fact that Level 1 Iinformalion was resident in LTM as well as Lavel 2 and 3
componenis indicates that elther: (1) the Inputs to  higher leval processing were ratained as well as the autputs, or (2) the Level
1 components were retained as important places of pliot 8A in their own right and are significant components of LTM schema
(0.9 targat altituce itaelf Is Important to know and not just the implioations of target allitude). Botk of Ihese explanations may be
g(':'rrvmclh Igo.usr{’r;\‘!lnal suppor! the prediclions of a processing modal In which Information passes Into LTM siores balore being

lghted in \

(A8 & oavest it should be noted that the subjecis were actively working with their 8A knowledge by answering the SAGAT
queries for the enlire period that the simulation was sioppad. No Intervening rovlod of wailing nor any competing molivity was
inroduced prior to sdmininiering any BAGAT query. The pilot's knewledgs of SA information may be interfered with If time
delays or other aotivilies (particularly flight taske) are imposed betore SAGAT s administered.)

The major Impiloation of these results s that, under these conditions, SA data is readily obiainabie through the BAQAT
lachnique for a considerabls period of 1ime, Up 10 8 o 8 minutes, after a siop In ihe simulation,

SILDY 2 - A second study was Infliated to addreas an issue of simulation practicality. Onee u trial haa besn interrupled to collect
this type of dala, oan it be resumed again, or must m new trlal be siarled? To address this question, a set of air-lo-air
engagements were conducted In the same manned muhiple-sngagement simulator environment. A fighter sweep mission wilh a
two versus four foros ratio was used for the irlals. Five subject teams completed the test mairix shown in Figura 8. The
Independent variables were duration of the stops (1/2, 1 and R minutas) and the frequency of stops (1, 2, or 3 limes during the
triaf). Trialn In which no stops coourred were used as a control. Bach team pariicipaled twice In each condition. Conditions ware
administered in & rendom order, Pliot perfarmance was colleutod as \he dependeni measure,
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As depioled In Figurs 7, there was no sighificant dilference (n pliol performance (« = .08) between trials in which there
were 81ops fo collect SAGAT data and those in which thare ware no stops. The numbar of atops during the irlal, shown In Figure 8,
had no signifioant impaol on pliot performanoe (a = .08), nor did the duratien of the siop, us dorla!od In Figura 9. This would
indioate that the stops to colisal SAGAT data (as many an three for up to @ minutes In duration) will not have a sighiticant impant
on Inter pliot parformance. The lack of n signilicant Influence of this procedure on pliol performance probably reots on the facl
that tha relevani sohema are aciively ulllized by sublects during the entire Ireexe period. Undar these condilions, the pilol's BA
does not have a chance 10 decay belore the simulalion is resumed. Thua, thelr SA Is falrly Intact whan ths simulation continues,
allowing them to procesd with thelr flight tasks whare thay lsfi off.

These resulls are belng viewed wiih some caution. More such tesls are probably nseded 1o assess with certainty that the
froeze 1id restart does not (nfluence subsequenl performance. Bubjectively, the pliois did falrly wall wilh this prosedute, and
were ablo to readlly pick up the battle where lth el olf. The racommendation for SAGAT acministrallon at this polnt is that i
SAGAT data s collected In this manner, some trials should be vonducied during whioch SAGAT is not collacied, so thal & check is
provided for any Influences that a freeze and restart in the simulstion may cause, SAGAT may still be administered without
resiarling the Irlal atierwards, i assessment of 8A Is the primary objective.
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REBEARCH IN BITUATION AWARENESBS
Wilh a congrete definliion of SA and a tool for measuring 8A, much new research can be conducted.

DEBIGN - The many new and promising technologies and concepts belng vonaldered with the hope of Improving pliol 8A can b
daveloped, evalugied, and relined to best mest that need, lnoludlnq_: 1) avionios systems, 2) advanced oontrol and display devices,
3) display formals, and 4) Al/oxpert systems fer the cookplt. To date SAGAT has been used o assess allernative sansor
configurations, display hardware options snd new tactical situation display formais, In each of theas 8, il provided new
insights inte dosign Issues surrounding thess oohcepts,

- Tha goal of Improving pliot siualion awareness can be met by inocorporating 8A Into training programs In several
nays, {Seo Endsigy [4] for & cdetalied discuasion),

1) SAGAT provides a orlterion measure for direotly evaluating training programa and assessing pllot achlevemant,

2) BA-ariented training programs can be developed that instruct pliots in Lhe components of important schema, the
dynamios and functioning of taolical elemunts and projection of future actions based on these dynamios, This typs of SA.
orlented tralning 1s greatly needed to supplement traditional lechnology-oriented training,

3,) Feedback is an Important component of the leaming process. The SBAGAT ltechhique oah be modified io provide fesdback
1o pliots on their SA during simulations, This type of training would aliow pliots lo understand ihelr misiakes and batier
assess and Inlerpret the snvironment.

4.) SA ls not s passive process. Pllots must aclively work to achieva It. The skilis required for achleving and maintaining
good 8A need lo be identitied and formally taught in the tralning program.

- Thara |8 much that s currenily not known about 8A. Which componants ars most imporiani? What (s
the cumposliion of mental models? What makes one pliot so much batiar than anolher? How is higher (evel BA generaied from
lower levsl commponenis?

BAGAT Is ourrantly baing used to bagin 1o answer these iype of queations. In an atlempl 1o asocertain why soma pilols are

better al BA than others, research is currently undar way to compare pliot sbilities at BA to a set of measures assessing thelr
ablillies n a number of ateas which are hypothesized lo have some imporiance to A, Including:

1) Spatlal ablitles - the degree to which an individual can mentally visuallze and manipulate objeots spatially as well as
one's own orlentation relative 1o the objecte (spatial mapping).

2) Perceptual abliilties - including vigitance, perceptual speed, encading speed, and patiern recognition.
3) Attention abliities - Including swleritive attention oapacily, and attention sharing ablllly.

4) Logionl abillies - Including general analyiio capabliiiies, and capablitics lor predicling system tunctioning and
atsesti.g and disgnosing patterns.

#) Personality factors - Bpacitically, cognitive complaxity and fleid-indepandence, since these hava been related lo
problem solving and workload management.

8) Mamory - Including shori-term memory oapaolly .
in & separate study, individusl 8A componenis are being corrslated with psrformsnce scorss lo determine which

componenis are most Importent. Ongoing research Is exploring the mental models pilots use to perform their iasks. A great deal
mora research of this typs (s needed, it designers and enginesrs are to ba highly efeciive In the goal of improving SA.




CONCLUSION

The polentlal for enhancing pitot SA through well developad airorai designs and training programs hinges on an objective
svaluation hat idara the global SA requirements of the pliol. Hy carelully defining SA and uaing Ihis knowisdge to
deelgn lmoomed alroraft systems that meet the dynamic needs of the pllot, greal imprc+emenis in misalon
performance/survivabliily wliil be posailble,

REFERENCES
(1] Caason, AR.W. "Schemata In cognitive anthropoiogy”, Annual Review of Anthropology, 12, 1883, 420-82,
[2] Chase, W.G. and 8imon, H.A. "Percaplion in chess®, Cognliive Psychology, 4, 1973, 65-81.

[3’ Cowan, N, "Evolving conceptlons of memory storage, selective attention, and their mutusl consirainis within the human
nfarmaticn processing system”, Psychological Bulletin, 104, 2, 1988, 163-191,

[r‘] Endsiey, M. R, "Sliuation awarsness: The challenge for the training communlity®, Proosedings of the Inlerservice/indusiry
raining Systems Conference, November, 1986,

[8] Endsley, M. R. Northrop Corporalion Siluation Awaransss Global Assesamant Tuchnique (SAGATL . Alr-io-Alr Tactiosl
Yaraion: Liaars Guide, March 1989, NOR DOC 89-88.

Es] Endsisy, M. R. "Siluation Awareness Globa! Assessmant Tachnique (SAGAT)", Prooesdings of the Natlonal Aeroapace and
lectronios Confarenoe {NAECON), May, 1088,

(71 Endsley, M A. Northrop Comoration SAGAT: A Mothodalogy for tha Maasursmant of Silation Awarsnass, August 1987, NCR
DOC §7-83

{8] Fracker, M. L. “Situation awareness: A declsion made!*, Unpublished paper, 1987,
(8] Hartraan, B. and Soorist, Q, "Situation awaraness is more than exceptional visien", Unpublished paper, 19887,

(1 ':;_}Hly:;!’ J H.. Waterman, D.A.; and Robinson, 0.8, *idenillying relevant aspects of a problam text", Cognitive Sclance, 1,

(11] Hinsley, D Hayes, J.A.; and Bimon, H.A, “From words to equations”, Cognitive Procssses In Comprghgnaion, P. Carpenter
and M, Jusi, (ed) Hillsdaie, NJ: Erlbaum, 1977,

Lﬂ] Juouby, L.L. and Dallus, M. *On ihw reiationship between aulo-biographical memory and perceptual learning®, Joutnal f
xperimental Psychology: General, 110, 1981, 306340,

[-13] Kellog, R.T. *is conscious aitention necesyary for long-lerm storage?, Journal of Experlmental Paychology: Human
earning and Memory, 6, 1980, 379-390.

[14] Morion, J. “interaclion of Information In word racognition®, Paychologlonl Reviaw, 76, 165-178, 1986,

(18] Nisball, R.E, and Wilson, T. D, “Taling more than we can know: Verbal reports on menlal processes*, Paycholaaical
Baviaw, 84, 3, May 1977,

{16] Norman, D.A.  "Toward a theoty ol memory and allention®, Paycholoyloal Roview, 78(8), 1868, 522-836.

[17] Robinson, C.8. and Hayes J.R. "Muking inlarences about relevance in understanding problems” Human Aeasoning, Reviin
and Mayer (eds). Washinglon: Winston/Wiley, 1978,

118} Tulving, E. "How many mamory systems arg thara?, American Psychologist, 40, 1985, 385-198,
|19} Wickens, C.8. Englnearing Paychology and Human Patlormanca, Columbus, Ohle: Charlas E. Marril Publishing Co., 1884



SITUATIONAL AWARENESS RATING TECHNIQUE (SART): THE DEVELOPMENT OF A TOOL
FOR AIROREW SYSTEMS DESION
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SUMMARY

Human enginearing activities in airorew system deaign traditionally have been
oohosrned with the reduotion and management of operator workload, Recent advanases Ln
automation technulogy have radiomlly changed the role of the human operator and
highlighted the essential human funcotion for making adaptive decisiona in situations
involving uncertainty. Improving and enhanoing operator ‘altuational awareness' has
bacome tlie major orew station design driver for achieving survivability and misaion
effectiveness ariteria. The purrose of the resevarch reported in this paper ia to
inventigate how aircrew understund "situational awareness" (SA) and to develop toola for
its subjecotive estimation.

1, INTRODUGTION

Situational awareness iv & relatively new concern in human factors (1,2). Itas
origine are probably in alroraw jJargon - some say USAF P15 operstora = because they nesd
it and sometimes laok it. Based on wu series of interviews with alr combat experts, in
1979 KELLY et al (3) developed a taxonomy of akills, traits and performance measures
imporsant for air-to-air combat which inoluded aggresaivensas, daclolveness, handa-on
flying akills, knowledge, ahility and "situation awapreness" whioh was deaoribed as
'probably the sum of numerous perceptual and cognitive skills",

Operstional r-~quitementn for smituational awarenesam have implioations for t'light
safety as well as oombat ewffectivenenz., Tn 1984, "Loss of situationsal awareness" woo
olted an a probable contributory factor in 20 out of Ul USAF operator-factor acoident
raviews (4), Lows of SA im related to and a potential ocontributor to spatial
disorientation (SD0), However, SA i1s intended to bs the broadrr term, encompassing mora
than spatial disorientation relferencea, and inoluding more slearly peychological aapacts
of attention and ocgnition as well as sensory physiclogy considepations. Renent
acoidents in advanced mingln-seat tmnotioal fighter wireraft (F16,F18) involving controlled
filght into terrain (OFIT) have prompted concern over loas of "attitude awareness" (5).
In these acoldente. the pilots sesm to have dollided unknowlngly with the giound under
oiroumstancea not typioally asmsoolated with SDO visual/veastibular oonfliat,

Awareness problems in advanced alroraft have lmportant implications for crew-syntems
dusign and orew tralining, The wajor orew avalem integpration inmplioations oov.oern the role
of automation, its effect on opsrator funotionality, and the management and cognltive
quality of cookpit information, In retrospect, 1t meems inexcunable that advanoed
systems, suoh a8 the P16 and F18, oan sense impending ground impact trom helght, mperd mnd
attitude data, and yst fail to oommuniocate the aituation to the pllot. The major training
impYications of awareness problems oonoern task prioritisation and attention management
provedures, Much of the GFIT debate has fooumed on the usabilicy and priority of HUD and
ADI attitude refersnces, It iw disappointing that oven after ovver 20 yesrs lylng
axperience there 18 utill uncertainty about whethe- -I' not the HUU phould ba uUsed as n
primary f1ight reference.

Lewing situational awareneas has much in common witli the factors contributing to
geogruphioal disorlentation (6). Therafora, 1t 18 not surpripst.g that improving
aituational awarenesr was rocognived as a oprow-syntem integration objlrotive out of
research on the dealgn of advanoed aireraft trotioal mituation dJisplayms. Looking torward
t1 the ooockplt o the year 2000, Reilaing and cmerson (7) noted tha' "tha key advantage of
plotorial formats 1s to provida the pllot with situational awnraness not only in the
tactical area, but also in ell sream whioch ara important for shy succasaful completion of
the mission', Notvithavanding the P16/F18 axperiances, 1. should by poesihle to anhunce
pilot awareness by design i arvanaed automation and gontrol/dis.lay technology are
harnessed and applied using ood engines.ing payvhology praotice, The potential ln
.egchnology for anhanoing pilot situatlionu! awavenssa intultively, by design, witiout major
training penalties, is identified as the major desiyn driver behind advanaed ared syat 'ma
programa, suah ses Super Qookpit (b) and Pilota Assu.iate (9), 'These progsams mim to
ocouple advanoed AI computing techniques for n.ssion and information managamen' with
intultive 3=B virtusl invevfaces, plotorial tormats and volee taohnology. This suocaeasful
Integration to form an "olootronfn orewmamber! 1is iantended to improve the pilot's
I:bUltlonll awarenesy leuding to improved deoin! yn-making, survivabllity and vombst
efl'cuc . venenn.

Sltuational awarsness ia pro'abl{ the pre~rey \o te state of knowledge for making
adaptive deoinmicng in situations invalving uno.rzalnty 1.4, a veridioa) model of reallbty.
As suoh, it ureatea tlhe potentisl for behaving .dtrcivoly up %0 & knowiedge based level, If
only by trial and error minimisastion. Sinoe situst!onal awareness is probably not a
permanent nor & universally aoh{sved s.ate, 1t ila urderatandable that tlere is unoertalnty
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about what it means and about how it 1s oreated. Definitions of situational awarenessa are
probably about as useful as leotures for octoganarians on how to evacuate eggs. Thims may
be, as William James wrote in 1890 about definitions o' attention, "Everyone knows what
attention is...," His desoription of the antithesis 1s probably more interesting: "..,the
confused, dazed and scatterbrained atate" (10), Notwithatanding, HQ USAF AFISC/SE Safety
Investigation Workhook (AFP 127-1 Vol ILI 1986) definas Situntional Awareness as "Keeping
track of the prioritised ulgnificant svents and caonditlona 1. one's environment."
Confusion here may affeot the sequence or priority of tauks to be perflormed (fvtting
behind the power ourve)." Put more bluntly, and foousing on proceans rather than state
implioations, situational awarenenas means "What-on-earth-im-going-on?" (11), Othar more
pragmatic definitions desoribe relevant knowledge sources, e.g. "the crew's knowledge of
hoth the internal and external status of the aircraft, as well as the environment in whioh
16 18 opuraling" (12). The USAP Taotioal Air Command definitlon (13) identifies five
sources of relevant knowledge!

Knowing whers the friendlies are and what they are doing.
Knowing where the thraats are and what they are doing.

Knowing what my flight knows and our options for attack/defsencs,
Knowing what other flights know and what thsir intentions are.
Knowing what part of the above 1a not known or is miasing.

— e

(&
(b
(3
(s

Knowledge state desoriptions involve a degree of spesoificity whioh may be
inappropriate for other situations and tmsks. ‘They also raise the isaue of the
organisation and structure of knowledge, in particulaur the role of impliocit and explioit
knowledge, Knowing what is not known is not a new conoern, It was onace addressed under
the avtiology of "unawareness miatakes" (14,15). Unawareness errors continue to interest
accident ressarchers (16), Recently, research has identified the dimacolation between the
performance of complex skills and the abllity to make explioit, through verbul sxpremsslon,
oonscious declarative knowledge of the tusks. The knowladge rslated to self-taught skills
is frequently unavailable to donsolous thought or verhal expression (17,18).

A comprehensive underatanding of 9A needs to take into account the aotive, dynamioc
characteristias of the proosss of maintaining awareness, as well as the role of knowledge
structures in decimion-making, Morshinge and Retelle (19), in a desoripbion of air combnt
and the Pllot's Assoclate program objeotives, note thut "Perhaps the key Cadtor in the
matursation of a fighter pilot is nis abllity to antioipate situations rather than simply
to reaot to them". Failure to antloipate the danger in situationa was identitied am the
primary cause of errors of inattention in the early Cambridge Cockpit mtudies on the
dimorganisation of behaviour (20), The validity of any understanding of alrarww Jargon
that relies on non-airorew oconstrunts will mlways be questionable. However, there clearly
18 work relevaut to the underatanding of situational awsrenase in research on human
sognition suaoh as on vognitive mtyle (21), visualisation (22), models of human problum
aolving behaviour («3) and theuries of attentiaon (24).

The researoh strategy underlying the present utudy ia influenoed by aexperience with
the workload paradigm. Optimising opersmtor workload ham been traditionally regarded as
the Holy Qrall of human angineering: A muoh sought after but never ocertalnly mrhisumd
objeotiva, Objeotive and pubjeotive techniques for measuring workload abound, not ln the
least bacause 1t is a multifaceted, multidimensional oonstruat (25,26), Subjeative
workload measures ars used axtenoively during orew-systems integration activitles be -—tme
of their praoctical advantages (e.g, high fave validity, aase of administration, low-
intrusiveneas) and their apparent sensitivity to ochanges in demand, They have montly
evolvad pragmatioally, Conpequently, oritiolsm of subjeotive workload methods hun fooused
on ocnelderations of valldity, theoretical oonsistency and diagnoatlc power (27).
nhanoing situational awareness would seem to be, at least at face value, a higher desipn
ohjective than optimising operator worklcad, partioularly for syntems in whioh the
essential human funotion s to maite decialona Ltn uncerteinty. Optimum workload without
sivuational awarenesa is probably more underirable than the aonverse, ‘"he attractiveneas
uof the awareness paradigm dJdarives f'rom its potential to foous more clearly on cognitive
skills and on goalm and intentions, rather than on motivity-revlated analyses.

The intention of the present study ls to derive methods for the subjocvtive estimation
of situational awareness in order to assist in the quantitication and validation of design
obJentiver for orew-aystems integration. Like workload, situational awareness is probably
& gonplex vonstruot., Reliabls predictionm about declmion-making poerformance ave unlikely
to ba derivel from single subjective meansursa of usituational awarens:s, The intention ia
to ute knowledgen elioltation proocedures to examine thu dimensionality of alrorew
construots fovr situntional awarensas, It la hoped that this will achieve some nolstruct
validity for the e:itimation tools that emerge, minoe they are intended ultimately for
Airarew use, AlWo, like workload eatimation, the utility of subjeotive muasuves of
situational awareness will depend on the vontribution to deoisiun-making performance of
procesges available to consolousneasn. 'Thm approach adopted Lhut rests on assumptions that
human operators use some understanding of pituations in making daacisionn, that thin
unde::::ng%ng is avallable to consocfiousness and that it oan readily be madc expliolt and
nuantifiable.

2, METHOD

Eiglty fuur Teat and Opavational RAF aircrew were interviewsd in three phases: 1)
Soenarlio Uenwcation, 2) Oonetruot Klieitation, 3) Construct Jtruoture Validation. ‘The
intervieva were memi.stiuvtured, oonfucted by psychologists avoording to a lixed protogol
for knowledgs elicitation, hased on the Peracnal Construot/Repertory Orid Techniqum (2B).




Interviews ware aupported by appropriate hriefing material including a videc film
demonatrating advanced crew-systema integration oonoepts. The interviews took place at
MOD(PE) Researah Establishment (Royal Aerospace Establishment, Parnborough; Royal Aircraft
Esatablishment, Bedford; A & ALE Boscombe Down) and at RAF Statlons in UK and Germany (RAF
Marham, RAF Laarbruaih, RAF Bruggen).

2,1, SCENARTC OENERATION

Demssriptions of flight scenarios involving SA were obtained from 10 test alrorew,
mostly pilots, at RAE Farnborough and RAE Bedford, based on the following agreesd working
definition compriming both situational and awareneas componenta:

"Situational awareneas is the knowlsdge, ocognition and anticipation of eventm, factora
and varisbles affeating the safe, expedient and effeotive conduot of the mimsion".

The 43 sosnarios obtained in thim way were reduced to the set of 29 familiar, generio
nxamples listed balow,

F.1 LOW AWARENESS FLIGHT SCENARIOS:

1. Approaching to land at an unfamiliar airfield in poor westher in an unfamiliar
alroral't Fitted with poor handling qualities and displays,

2., In alr oomhat ovepr a smooth sea with a puor horison, your opponent is unaighted.

3. On a low level transit sortie, you are flying over unfamiliar terrain with poor
visibility, in mn alroraft with inadequate handling qualities and displays,

4, In formation flight on a long duration transit at high level over sea.

5, Making a olimbing socelerating turn on a hasy day when the ground is not olearly

viniblae,

6. Yhi;lt flying in formation in cloud an a wingman, you momentarily lose aight of your
sader,

7. Un ; singlaton low level tranmsit sortie in VMO with no other taak than tranelt from A
to B,

8, Carrying out an exercise flown regularly over a familiar area.
9, Flylng for a long period of time in an uncomlortable seat.

10, g%ying a new airaraft with similar but dirferent handling qualities to those already

own,

11, Whilst oappying out a routine prepetitive task, & subtle but important change nagours in
the environment whioh you do not notige.

12, Flying in formation in an gnfamiliar airoraft working at the limit of your capaclty.

13, You are flying in waather °/B puffy cloud and while completing an avolding turn into
the oloud, you have an extremely near miss with a glider,

14, On a night flying exercine, while attempting to ohange the radio Prequenay the initial
input to the computer Falls and oonsequently a long time 18 aspent on the input.

15, On an instrdmant flying sortie, the autopllot falls whilst you mpre sompleting a
nanoeuvre,

16. You are orossing in oombat with a similar airoraft, and through pulling g to galn the
ndvantage, you overatratah your airoralt,

17 You are transltiing at low leval in formation and appromohing bad weather, As leader,
you attempt to perstrate the bad weather but then find you have to pull up and thus
luse the 1,tegrity of the formation.

18, You agomplete m roll Lu the laft but unknown to you your head-up display ia froven and
B0 :van though the rest of the instruments regimter the roll you attempt to roll
agalin,

F.2 HIOH AWARENKSS PLIOHT SCENARIOS:

1. Approsohing to land in good weather at a familiar airfield, in a faniliar alroraft
fltted with good dimpluya.

2. In aip ocombat, you ars behind your opponant and over a familiapr area with good horigon
and height oues,

3. In o mingle-scat ailprorart, leading a 4 ship low level attack formation in poor
visibility, approaching the Forward Edge of Rattle Ares with threat alrvorall Known to
ba in the vioinity,

4. Plying mt low lavel through mountainous terraln wearing N.V.G.s,

s You are nearing the ~nd of a sortie and beginning the demcent through cloud am

~ approaching to land.

6, Plying stralght and level nt 20,000 't on autopllot.

7. You are transiting mt low level as leader in a 4 man forwatioh and approaching bad
weaather. Call to clome formation and turn to avold.

8. Flying in deteriorating weathar, an emargeiiny ooours whioh requirem a quick sale
landing and so you turn towards the heading whers, from the priefiny, you knew the
weathar was OX,

9. On a low level transit sortie, you are flying over familiar terrain in good weather in
an airoraft with good displays,

10+ In manoeuveling Flight, a fault oconurs and you immediately racover your sircraft to a
flight path and altitude which will lead to a safe haven.

11. On a general handling sortie, requiring a Oround Qontrol Approsch, maintaining
ponttigq in the instrument pattern with four other airorart overhaad and a new
contrallar.
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2.2, CONSTRUCT ELIGITATION

The 29 seleotad soenarios wers pressnted to )5 teat ailrorew, mostly pllots, at A &
AEE Bosoombe Down to aliclt knowledge of generlc conatruota.
using the Repertory (rid triadic method of presentation.
somenarios were presented to the airorew subleot on eaoh odoasion, The subject was asked

to imagine being in each sltuation,

Each construot was elioited
Three randomly sslected

Then the subject wus required to i1dentify two of the

soenarlos whioh contalned somebhirng Importunt for asltuational awareness, in mccordance
with the agrasd working definition, that waas not a fesature of the other scenario, The

subjeat was then required to ldentify the disoriminating oharasteristic, and the construct
The elioclted construvt was then used to define the poles of a

thus slicited was redorded.

7-point acale on which all 29 soenarlos were subsequantly rated. Additional oonstructs

were wllcited using different triade of masnarios,

The prooedure vas repeated with eaoh

subjeat until no more original oonstruots wers readily aeliaited. A total of 44 SA
oonstruct dimensions with assocliated scenario ratinga were obtained in thia way, ranging

from one to four conmtruots per subjeot,

assoaiated rating dimensions are listed in Table 1.
TABLE 1, ELICITED CONSTRUCTS AND RATINO DIMENSIONS

The 44 ellioited SA oonstructs, und their

SURJECT/
CONSTRUOT [ QONSTRUCT
NUMBER

DIMENSION

Attantional load
Concentration
Risk
Familiarity
Oonsalousnass
Attention
switohing
Motivation
Arousal
Pamiliarity
Receptivity

Qado aaadaacaa aaaocca Qe caoaoaaa
w

Info. quality

Mz ola whaQda lkca atamziawe

W OO GWOIJITUIWT oW Wil e e
a3 e B3 g MWW WA Wl N

f Stability

. Workload

. Spara ocapavily

’ Distraction

' Arouaal

. Variability

. Jonoentration

. Stability

. Complaxity

. Antiolpation
89, Demand
389, Info. quality
39, Conoentration
§810.¢1 Info. quallity
810,02 Familiarity
g11.C1 Division of

attantion
811,02 Complexity
811,03 Info. quantity
812,01 Spare onpacity
812.02 Foouslng
312,03 Cantrol
813,01 Famillarity
513 dr Fuouslng
813.03 Complexity
513.C Info. quality
81l 0l Congentration
s1h,c2 Risk
914,c3 Info., quality
314,04 Pamiliarity
815.01 Attentional
demand

s15,C2 Predictability
815,03 Poouning

Info availabllity

A laot of things to attend to
Low level of donocentration
Low rimk of failure
Familiar

Consclous decision

Low degres of attention
switohing

Low level of motivation
Low level of arcusal
Pamiliarv

Unrecaptive to additional
inforpatlion

Poor information quality
No information available
Dynamie situation

Low level of workload

Luw oapacity to monitor
external avents
Undistracted from situation
Low level of arousal

Fcw varisblea

Low lesvel of ooncentration
Stable

Complex altumtion
Attentlon aonoentrated on
present

Domanding

Poor quality rel'ersnces
Attentlion nnt concentrated
on task

Poor {nfurmation gquallity
Familiar

Divided attention

Low sonplexity

No useful information

No spare oapacity
Unfoouseq attention

Have oontrol

Painiliat

Broad attention

Low complexity

Poor information quality
Liow lsvel of oonosntration
High poasaible future riask
Poor {nformaticn quality
Familiar

Liow demand on attention

Unpredictable
Broad attention

F L T O |
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Fow thinga to attend to
High level of ooncentration
High risk of fullure
Unfamiliar

Instinotive decision

High degres of attention
switohing

High level of motivation
High lavel of arousal
Unfamiliar

Reaeptive to additional
infomation

Good lnformation quality
All information mvallable
Statlo situation

High level of workload
High ocapacity to moniton
external svents
Dimtracted from situation
High level of urounal

A lot of vartables

High lavel of conoentrstion
Unstable

Simple situation
Attention ooncentrated on
future

Undemending

(dood quality refarancen
Attention soncentrated on
tamsk

Good informetion quality
Unfamiliar

Mouused attentlion

High complexity

A lot of useful information
A lot of mspare oapnoity
Foouned attention

No control

Unfamiliar

Pooused attention

I1igh complexity

Good information quality
liigh level ol cnnumntracion
No posaible futui'e risk
Qond information quality
Unfami liar

High demand on attention

Frndictable
Fooused atiention

———




2.3, CONSTRUCT RATINGS ANALYSIS

The structure of the elicited SA constructs was investigated by statiatical analyaina
of construat/scenarioc ratings.

2.3.1. INITIAL CONSTRUCTS

Firstly, the construot/scenario ratings obtained during construct elioltation wers
subjeoted to Prinoipal Components analysis with Varimax factor rotation., Thie analysis
revealed that 4 oomponents accounted for 65% of the total variabllity in the data.
Conatructs oaloulated as loading strongly on these U oompuients are listed in Appendix
Tables 1I=IV, The two major components, contpibuting 30% and 21% of the varianoe produced
strong loadings for informational, attentional and, to a lesser extent, situational
oonstructs, As a method of viaualimation, the oaloulated loadings on the 4 factors were
used to define a space whioh ocould be clustered using a single-link alustering algorithm
basad on Euolidean distance., The results are displayed in Figure 1, Quided by thia
analysin, gensrio constructs were aslected for further evaluation uaing the oriteria of
eliolitatici frequenny, atrength of uvomponsnt loading and inter-correlation clustering.
The 10 generic SA oconatructs scleoted in this way, with assoociated descriptions and
dimensions, are listed in Table 2.

FIGURE 1. OORRELATION OLUSTERS

NO, OONSTRUGT COMPONENTS CLUSTER LINKS®
31,01 Attentional load 1
89,01 Demand 1
512,02 Foouaing 1
315,02 Prediotahility 1
94,03 Recaptivity 1
86,02 Spare capacity 1
89.02 Information quality 1
812,01 Spare capaolty 1
85.02 Information mvatllability 1
86,01 Workload 1
810,01 Information quality 1
53.0} Familiarity 1,2
814,01 Familiarity 1,2
84,02 Familiarity 1
88,02 Gomplexity 1
38,01 Stabllity 1
513,03 Complexity
85,03 dtabllity
810,02 Familiarity 1
814,02 Riak :
56.03 Dimtraotion
813,02 Foousing
813,04 Information quality 1
815,03 Fonusing 3
814,03 Information quality 3
g7.C1 Variability i
81.02 Conoentration ?
S4,01 Arousal 2
86,04 Arolisal 2
812,03 Gontral 2
87.02 Conoentration 2,3 i
89.01 Gonoentration 2
93,03 Attention owlitohing
814,01 Attentional demand 2 ]——
H411.C3% Information quantity 2 ——
32,01 Risk H
811,01 Divinlon of attentlon 2
g1l.02 Oomplexity 2
814,08 Conoentration 2
814,04 Pamiliarity 2
83,02 Qonsclousneas 4 j________1
gg.ﬂt ;nrormuilon yuality )
0 otivation ] “J
n8.03 Antivipation 4

* Link length inversely proportional to link atrength
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TABLE 2. (ENERIC SITUATIONAL AWARENLSS CONSTRUCTS

GENERIC RELATED
NO. CONSTRUCT DIMENSION DESCRIPTION CONSTRUCTS
Ccl Familliarity Unfamiliar Degiee of acquaintance 53.C1; S4.Cl1
v Familiar situation with situation 510.02; S13.Cl
experience S14,C4
ce Foousing Focused Degree of distribution 83,C3; sli.cl
v Divided attention or foousing of cne's d12.c2; S13.¢c2
perceptive abilities 515.C3
Cc3 Information No v A lot of relevant Amount of knowledge 55,023 811,C3
quantity information received and understoocd
ch Instability Unstable Likeliness of situation |S2.Cl; $5.C3
v S*able sttuation to change suddenly S58.C1; S12.C3
814,02
cs Conaentration|Low level v High level Degree to which one's 51,023 S6.C3
of concentration thoughts are bruught to }|S7.C2; S58.C3
bear on the situation 59.C3: S1l4.01
cé Complexity Simple Degree of complication 538.¢2; s11.C2
v Compl.. situation (number of closely 513.03
aohrected parts) of
gltuation
c7 Variablility Few v A lov of 'tnings’ Number of varlables §1.C1; S7.01
to attend to which requipe one's 59.C1
attention
ca Arousal Low level v High Dagree to which one 83.,04; 84,01
level of arouaal i8 peady for motivity $6.CH
(sensory excitablility)
c9 Information Poor v Good quality of Degres of gnodnesa or 85.01; slo.cC1
quality informatinn value of Knowledge S13.C8; s5i4,¢3
communisated
clo Spare No v A 1ot of apare Amount of mental ability|[Sk.C3; $6.C1
aapacity capacity avalluble to apply to sl2,cl
new variables

2.3.2. GENERIC CONSTRUCTS

Next, tha 10 generic SA constructs and 29 scenarios were presented to 10 test aircrew

at RAE Farnborough for further scenario/construct ratings.
into two arbitrary sets.

The 29 scenarios were divided
Five alrorew rated each set tu give 2 independent seta of data.

The ratings obtained are summarised in Appendix Tables V and VI, together with the results

of an Analysis of Varlance (ANOVA) across scenarios.

The ANOVA results indicate the

relative rensitivity of the constructa to the differences between the scenarios. Only
Foocuslng (C2Z) und Information Quantity (C3) falled to achieve mtatistical eignificance

(Set I scenarios only).

Both sets of ratings were subjeoted to Principal Components analysis with Varimax
fagtor rotation. The resultant correlation matrices are reported in Appendix Tablesm VII
and V17I, The Prinoipal Components loadings are repcrted in Appendix Tables 1¥ and X

with a suumary of the highly loaded constructe at Table 3.

79% and 71% ¢f the variance {n the Scenario I and II sets respectively.
sets, Complexity (C6), Variability (C7) and Instability (CU) were strongly inter-

norrelated and loaded highly on the lst Component.

Three components accounted for
In both data

Similarly, Information Quantity and

Information Quality were inter-correlated, and loaded highly on the 2nd Component 1in the
Set T data, along with familiarity (Cl), and loaded on the 3rd Compunent in the Set Il
data, Pocusing (v2) loaded highly on the 3rd Component in the Set I date, and on the 2nd
Component in the Set Il data, along with Concentration (C5) and Aroumal (C8). Spare
Capaoity (Cl0) was inter-correlated with Concentration (€5) and Arousal (C8), and loaded
highly on the lat Component in both data sets,
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TABLE 3. CONSTRUCTS LOADING HIGHLY ON PRINCIPAL COMPONENTS FOR PLIGHT SCENARIOS

SCENARIO 3ET 1 SCENARIO SET TI

1st Component (Var: 47.89%) lst_Component (Var: 36.52%)

Arousal 0.919 Complexity 0.924
Concentration 0,914 Variability 0.915
Inatabllity -0.858 Spare capacity -0.720
Complexity 0.849 Instability ~-0,650
Spare capacity -0.823 Arousal 0,607
Variability -0.819 Conaentration 0.571

2nd Component (Var; 19,75%) 2nd Component (Var: 20.15%)

Information quantity 0.859 Foousing 0.859
Information quality 0.750 Conoentration -0.688
Familiarity 0.728 Arousal -0,671

3rd Component (Var: 11.52%) 3rd Component (Var: 15.25%)
Foouaing 0,956 Information gquantity 0.896
Information quality 0,748

2,4, CONSTRUCT STRUCTURE VALIDATION

Guided by the analysis of tlie twyu independent sets of conatruct/scenario ratings,
which showed similar data struotures, and from an understanding of the theory of attention
and cognition (29), on the basls of strangth of component loading and inter~correlation
clusters it was postulated that frr purposea of simplification and Lheoretical conslstenay
the SA constructs should be ter.:-.ively considersd as ocomprising 3 broad categories or
domains, namely:

(a) Demands on Attentional Resources (Instability, Complexity, Variabliity).

(b) Supply of Attentionnrl Resources (Arousal, Ccnoentration, Division of Attention,
Spare Capacity).

(¢) nderstanding of the Situation (Information Quantity, Information Quality,
Famillarity).

In order to examine the validity of this postulated structure, mand to test itas
applioablility to othe¢: siltuations, a further study wam conducted using drolsion-making
gecenariocs generated for an investigation of Humnr=Elestrorilc Crew Teamwork (30).

2.4,1. VALIDATION METHOD

Desoriptiona of 12 scenarios involving tactioal decimion=making behaviour ware
obtained from eight operational Tornado airaerew at RAF Marham. Six =scenarios goncerned
Navigator decisionas and six concerned Pllot decisions. All the decisions in the scenarlos
ware made without conmultation with the sscond crew member. In each Pilot/Nav decision
category, three scenarios desoribed "High Trust" decisions and three scenarios deacriied
"Low Trust" decisions. Situational awareness was not a mpeolfied scenaric variable, The
12 deocision scenarios obtalned in this way are deacribed below.

PILOT DECISION SCENARIOS:

Pl EVASION: In a low level evasion scenario, the Pi1ot sees an enemv fighter in front.
On the basis of ability to get a sucoessful shot off, riak to own airsraft, ground
threats, other air threate, hit probability and what the enemy will do if not killed
first, without conaultation, the Pilot decides to attempt a shot rsather than to run away
(HIOH NAVIQATOR TRUST).

P2 WEATHER: When flying low-level, the Pilot sees a potential weather problem ahead. On
the basis of visual information on weather, and on terrain and map information, without
consultation, the Pilot decldes toc change course rignt/left to avoeid weather rather than
to continue on coucse (HIOH NAVIGATOR TRUST). ,

P3 EW: When alerted by sidetons that a missile or eleactronic warfare threst is locked-
on, the Pilot visually deteocta a miassile, On the basis of the eslectronlo visual strobse,
elootronio audio sidetone and viaual information, without consultation, the Pllot
deoides to break right/left rather than to maintain course (HIGH NAVIGATOR TRUST).

PU LOW LEVEL WEATHER ABORT: Flying at low-level with poor visibility conditions, the Nav
considers that oonditiona are unfit to continue on course and queries whether it is pafe
to continue. On the basis of vielbility, cloud bamsc height, ground height and terraln
shape, controlled airspace, safety altitude, without consultation, the Pilot deoldes to
continue on eourss rather than to pull up (LOW NAVIOATOR TRUST).
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P5 ROUTE CHANOE IN WEATHER: Flying low-level with bad weather ahead, the Pllot makes a
late decislon to turn left/right towards olearer weather area rather than maintain
original course, without consulting the Nav regarding airspace restrictions (LOW
NAVIGATOR TRUST).

P6 COUNTER STARBOARD; Flying low-level, wlith an enemy approsching unseen on starboard
beam, on hearing a "ocounter-atarboard" call from a buddy airoraft, without consultation,
the Pilot decides to break port (LOW NAVIGA'TOR TRUST).

NAVIGATOR DEQISION SCENARIOS:

N1 ROUTE OHANUE: Tn low-level combat, with the Pilot busy flying the airaoraft, on basia
of time, position, fuel and perceived threat, without consultation, the Nav calls a
route change to oome right/left, to out short rather than extend route, to save rather
than extend time and fuel (HiLGH PILOT TRUST).

N2 AIR THRLAT: In a oombat formation of alroraft, the Nav perceives air threat in a
threatening, firing position, loosing bullets, On the basis of disposition of own and
enemy forcen, position in aspace, perceived threat and amsessment of likel, astions by
aggressor and counter threat suadoess, without oonsultation, the Nav insatructs the Pilot
to weava, rather than buster (fast straight line), turn, olimb, desoend, drop bomb (for
retard defence), ohaff or flares (HIGH PILOT TRUST).

N3 COMMAND EJECTION: With the aircralft in a dive, and the Pilot not responding to
‘recover' inputs, possitly suffaring target fixation, and with ejection switsh set to
tboth', the Nav evaluates posaibility of ground impact, lack of time, ground proximity
;ng %%rcrart attitude, and chooses to eject rather than to take no action (HIGH PILOT
RUST).

N4 BOUNCE: When bounced on a pairs trip, the enemy feils to gain a good position and
flies away out of view., Assuming that the bounoce is over, the Nav decldes not to
ocontinue to look out for return of the enemy, and without oonsultation, rscommenda the
Bilot to return to track (J.OW PILOT TRUST).

N5 WEATHER PENETRATION: Flying low-level in had westher, the Pilot sees a hole (letter-
box) under the weather, not observable from Nav's back-seat position, The Nav
reaommends the Plilot to null~up to avold the weather rather than continuing on course
(LOW PILOT TRUST).

N6 RE=ROUTEH: After belng bounced, with Time-on-Target behind schedule, the Nav
recommends the Pllot to speed up to out corners and conserve fual rather than re-route
(LOW PILOT TRUST).

Next, the 12 deolsion scenarios were presented to 43 operational Tornado airsrew at
RAF Laarbruch and RAF Bruggen for SA oonatruct rating. ‘lwenty four Pllots rated the 6
Pilot decision scenarios and 19 Navigators rated the 6 Navigator decialon scenarios.
Ratings wers obtalned on a 7-point rating sonia = LOW (1) ta HIGH (7) - for the 10 generics
conatructs, the 3 construot domains (Demand, Supply and Underatanding) and the aingle
dimunnionTorlsiﬁuational Awarernean, The 14 constructs were presented and desoribed as
shown in Table 4.

TABLE 4. CONSTRUCTS FOR DECISION SCENARIO RATINGS

NO. CONSTRUCT DESCRIPTION

C.l DEMANDS ON ATTENTIONAL RESGURCES -

Cyl,1 { Inntabilivy of aiti tion Likelineas to change suddenly

C.1.2| Complexity of situation Degree of complication

C.1.3| Variability of situation Number of variablea/factors changing

C.2 SUPPLY OF ATTENTIONAL RESOURCES -

C,2.1 | Arcusnl Dugree of alerthness; readin=ss for activity
C.2.2 | Concentration of atterition Degree to whioh thoughte are brought to bhear
,e.3 | Divieion of attention Distribution/spread of foous of attention
0,2.4 | Spare mental capacity Mental ability available for new variables
C.3 UNDERSTANDING OF SITUATION -

C.3.1{ Information quantity Amount of knowledge ,rsoeived and understood
C.3.,2 | Information quality Goodness or value of knowledge communiocated
C.3.3| Familiarity Degree of prior experience/knowledge

c.4 SITUATIONAL AWARENESS Deyree of situational awareness involved

2.4.,2. VALIDATION RFSULTS

The ratinge obtained are summarised together with resulta of an ANOVA acroas
soenarios in Appendix Tables XI and XII. The ANOVA results indioate that only
Inuformation Quality (C3.2) failed to achieve statistioal significance (Pilot Deolelon
Soenarios only). 'The additional postulmted domain conatruots - Demand (0l), Supply (cC2),
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Underatanding (C3) - and Situational Awareness (C4) were all senaitive to differences in
the decisicn scenarlos at the p«0.05 level,

Both sets of ratings were subjected to Principal Components Analysis with Varimax
factor rotation. The resultant correlation matrices are reported in Appendix Tables XIII
and XIV. The results of the Principal Components Analyais are reported in Appendix Tables
KV and XVI, with a summary of the hlghly loaded conmtructa at Table 5. Four components
acoounted for 73% of the variance in both data sets. Both data sets exhibited similar
structure, Instability (Cl,1), Complexity (Cl.2) and Variability (C13) were highly inter-
oorrelated with Demand (Cl) and all loaded highly on the same Frinoipal Component.

Arousal (C2.1) and Ooncentration (0Z2.2) wers highly inter-correlated with Supply (02) and
to a lesser extent with Demand (Cl), and all loaded highly on the Prinolpal Component that
acaounted for the largest proportion of the varlanoce. Information Quantity (C3.1) and
Information Quality (03.2) were highly inter-correlated with Understanding (C3) and to a
lesser extent Situational Awareness (Ci), and all loaded highly on the same Prinoipal
Componant., Division (02.3) and Spare Oapaoity (C2,4) were moderately inter-correlated
with Familiarity (C3.3) and all loaded highly on the remaining Prinoipal Component whioh
acoounted for the smallest proportion of the variance, However, it should be noted that
Familiarity (C3,3) oorrelated positively with Underatanding (035 (p¢0,01)) and that Spare
Capacity (02.4) oorrelated negatively with Demand (01) (p<0,001).

The structurs of the postulated oconatruot domains showed some variation between tha
data mets. The correlations for the sonstruct domains &re shown in Tables 6 and 7. For
Navigators, Understanding (03) correlated with Supply (C2), and Situational Awareneas (04)
oorrelated with all 3 conatruct domains., For Pllots, only Understanding (03) oorrelated
with Situational Awareness (OlU), QOenarally, Demand (01) positively oorrelated with Supzly
(C2), but only Underatanding (C3) consistently correlated with Situational Awarenens (OU),

TABLE 5. CONSTRUCTS LOADING HIGHLY ON PRINGIPAL COMPONENTS FOR DECISION SOENARIC

PILOT DEQISIONS NAV DECISIONS
ist _Component (Var: 22,10%) lst Component (Var: 24,48%)
Supply 0,826 Arousal ~0,894
Arousal 0.825 Concentration -0,878
Conoentration . 809 Supply =0,845
Demands 0,686 Demands ~0.591
2nd Gomponent (Var: 19.69%) 2nd Gomponent (Var:l8.77%)
Variabilisy 0.830 Information quantity =~0,838
Oomplexity 0.807 Underatanding -0,833
Instability 0.TTh Information quality -0,815
Demands 0,496 Situational awareness -0.501
ird Component (Var: 18.89%) 3rd Component (Var: 16.27%)
Information quantity =0,899 Vaplability 0,485
Information quality =0.795 Complexity 0.874
Situational awareness =0.778 Instabylity 0,508
Understanding -0,658 Demanda 0, UB4
4th Compcnent (Var: 12,61%) 4th Compgnent (Vart 13,348)
Diviasion -0,820 Familiarity -0.838
Familiarity -0.696 Spare oapacity 0,695
Spare ocapuacity ~0.,635 Division ~0,651

TABLE 6. CORRELATION MATRIX OF DOMAIN CONSTRUCTS FOR PILOT DECISION SCENARIOS

NO. | CONSTRUCT ¢l 02 o3’ ol

0l Attantional Demand 1.000

c2 Attentional Supply 0.601 1,000

03 Underatanding 0,084 0,139 1,000

] Situational Awareness | 0,041 | 0,078 | o,417 ] 1.000
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TABLE 7. CORRELATION MATRIX OF DOMAIN CONSTRUCTS FOR NAVIQATOR DECISION SCENARIOS

NO. CONSTRUCT cl c2 Cc3 oL}

cl Attentional Demand 1,000

cz2 Attentional Supply 0.532 1,000

03 Understanding 0,133 0.489 1,000

ou Situational Awareness 0.“9741 0.649 | 0.557 1 1,000

3. DISCUSBION

Knowledge elicitation procedures indicate that thres domains charaoterise alrorew
situational awareness, namely Attentional Demands, Attentional Supply and Underatanding.
The study provides 10 airorew constructs within these domains offering a deeper luvel of
speaifiaity. Quantifioation of these three construot domains is probably necessary and
suffioclent for a comprahenaive measursment of SA, Uni-dimensional subjeotive estimation
of SA offers little, il any, diagnostio power. A Situational Awareness Rating Technique
(SART) can he proposed with alternative three-dimensional (3-<D) and ten-dimensional (10-D)
formas providing increasing speolficity and diagnostio power. The most appropriate tool
for a given application will depend on the degree of' intrusivenesa permitted by the
measured task.

For highly dynamio real-time applications, suoh as flight simulation and flight
trials, a relatively un-intrusive approach may be needed to minimise interference wilth the
measured task, In suoh acircumstances, the 3-D SART will be the more appropriate fom,
presented at intervala am a continuous or 7-point rating scale, or, with veduced visual
and manual interference, as requiring a verbal report, such as LOW (1), MEDIUM (2) or HIGH
(3) ratings, as in SWAT workload measurement (31), A8 an alternative to direot subjeotive
astimation, oconjoint moaling procedurss or more simply, ipsative pair-wise comparisons
sould be used to caloulate a uni-dimenasionsl SA representation from the 3-D SART data.

The 10-D SART will be a useful adjunct when a higher degree of apecifiocity and diagnostic
powsr Ls needed for projective and post hoc measurement of non-real time applications.

Whereas the 3-D SART probably offers the aimplest multi-dimenalonal representation of
SA - & 1D or 2-D SART would be inadequate .- the necessity and sufficlenocy of the 10=D
SART is governed by the requiruments for specificity and diagnostic power, Fewer
construosts would .shorten the foirm and make it spesdier to implement, Some semantically
dissimilar gonatruots within domuine are highly ocorrelated in all data sets and appear to
be redundant, namely: Complexity, Variability and Instabllity; Information Quantity and
Information Quality; Asousal and Concentration. However, oontraction acroas those
aonstruots would reduce diagnostic power in situations and tasks where they are
dissociated, On the other hand, slternative or additional domain oonstruots may impiove
diagnoatic pawsr for a partioular appliocstion, Additional Understanding conatruots could
be particularly useful sinoas, For declsiun-making soenarios at least, Understanding
correlates highly with Sit.iational Awareness, However, some caution should be cxercised
since arbitrary additions ralse validity imsaueu.

The 10~-D SART im valuable beoause it is derived directly from aircrew constpructs and
this gives it validity as an alrcrew tool. Some constructa are not always highly
correlaved within domaina suoh as Concentratlon with Divialon of Attention, and
Familiarity with Information Quantity., Thie is a good reason for thelr incluaion.
Indeed, the deolmlon soenario data muggest that one feature of the 3-D SART is that
ratings of Supply may not be influerced by oonsideration of Division of Attention.
Division, foousing, distribution and vate of awitohing of attention are important
construots that oharacterise the stru:ture of attention or the attentional style.
Dissimilar constructs and orthogonal dimensions are the source of diagnostic power.

Differanoss were found between the structure of the Pllota and Navigators 3-D SARY
data., These differences could be due to variations in content between the two sets of
decision scenarioa, However, this finding also ralses the posaibility that SART may be
sensitive to differences in role playing and attentional/cognitive style (32). The
relationahip between self-mwarsness and situational awareness is probably impurtant 1if
buth draw upon and onmpete for oommon resources. Demands on resources arising from self
awarenesa may reduce the supply of resourcea for situationsl awarsness, and vioce versa,

In 1ire-threatening situations, situational awareneass is probably affected by individual
differences in pesychological defence mechanisms, coping strategies and emotional/affective
style (33,34). People who are terrified may not notlice what is going on around them.

Fuprther work is needed to demonsirate the applicabllity of SART to the measuremsnt of
sltuational awareness in real tasks. 3o far, tha developmant of SART has baeen baaed on
imaginary, though femiliar, scenarios. Reflinement of the SART scales through
olarifiocation of ambiguous working, standardigation of briefing, presentation prooedures,
data analysis and interpretation should be based on real task applications. Real task
assessments are alsoc needed to investigate the relationahlip between SA and task
performance, and to cheok the primary assumption that situational awareness ia important
for declmion~-making. Experimental work is alsoc needed to investigate the role of implioit
and expliolt knowledge in cdeolsion-making and to sstablish and improve tne sensitivity of
SART to knowlasdge variablea.
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Finally, it may be useful to use the SA paradigm and SART oonstructs to draw together
some of the major implications for srew-aystems integration. 8ituational Awareneas and
decision=making can be enhanced by systems deaign, or through the Electronio Crewmember,
in three broad ways:

1, Control Demands on Attentional Resources This can be mchieved by mutomation of
unwanted workload, by fuaing data and by reducing uncertainty.

2, lmprove the Supply of Attentional Resources This oan be aohieved in several ways: a)
By priocr sing .nﬁ cuelng taaks to obtain the optimum attention-allocation strategy in
agoordance with mission goals and obJaotivoa; b) By organising the structure of tasks to

exploit the available resouroa modalities; o) By maintaining pilot involvement and
activity at the optimum level for resource availability,

3, Improve Understanding Methods for improving understanding by deslgn inolude: a) By
the premsntation of Information in cognitively compatible forms (3-D voios and pictorial
multi-modal displaye); h) By making acceanmible and sharing a wider knowledge base
through knowledge communication/dlalogue teohniques such as interrogation, explanation
and oritiquing; o) By extension of the pilot's relevant experience by simulation
training through mission planning and preview faocilities,

4,  CONOLUSIONS

Knowledge elicltation proosdures oan be used to identify alrcrew cvonastructs for
struotural awarsness. Alroraw conatruata provide a multi-dimenaional oharacterisation of
situational awarensss oonsistent with the theory of attention and oognition. Rating
acales for the subjeoctive estimation of mituational awarsness can be derived from thess
ocratruots that are mensitive to differences in a variety of flight and tactloal decision-
making soenarios, The simpleast representation of situational awarenass comprises thrae
dimensions or domains corresponding to construots for situational demands on attentional
resoulrces, for the supply of attentional resouroces in response to situational demands, and
for the understanding of the situation., Further research is needed with real tasks to
investigate the diagnostio power of subjeotive estimation of situational awareness, and to
refine the teohnique as & tool for airorew syatems dewign.
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Te APPENDIX

TABLE I. LOADINGS ON 1ST PRINCIPAL TABLE I1. LOADINGS ON 2ND PRINCIPAL
COMPONENT (VARIANCE: 29.77%) COMPONENT (VARIANCE: 20.75%)
NO. CONSTRUCT LOADING NO. CONSTRUCT LOADING
810.01 | Information quality =0.907 89.03 | Concentration +0.874
86,02 | Spare ocapaoity =-0.89 81.02 |Ocnoentration +0 753
312,01 | Spars oapacity -0,87 82,01 |[Risk +0.743
94,03 | Reoeptivity =0.870 S14,01 |Oonaentration +0.7§6
85.02 | Information availability | -0,B12 815,01 [Attentional demand +0,682
89.C1 | bemand 0,794 811,03 [Information quantity -0.676
86.01 | Workloead +0.783 811,02 [Complexity +0,643
899,02 | Information quality =-0,783 S4,0) |[Arousal 40,643
87.C1 Variability +0.743 814,04 {Familiarity 40,641
913,01 | Pamiliarity +0.728 812,03 | Qontrol +0,61%
§3.C) | Familiarity +0,727 87.02 |[Oondentration 40,596
812.02 | Foouning +0.g00 86,04 |Arousal +0, 874
48.C1 Stability +0,688 §13.C1 | Familiarity +0.574
81,01 | Attentional load =0,668 811,01 [Division of attention =0,570
88,02 | Complexity «0,6U3 83,61 |Pamiliarity 40,501
510.02 | Famliliarity +0,58%
54,C2 | Familiaprity +0,558
813,04 | Information quality =0.,544
515,C2 | Predictability =0.539
TABLE III, LOADINGS ON 3RD PRINGCIPAL TABLE IV, LOADINGY ON 4TH PRINCIPAL
COMPONENT (VARIANOE: B,49%) COMPONENT (VARIANOE; 6,16%K)
NO. CONSTRUGT LOADING NO, CONSTRUCT LOADING
814.03 | Information quality -0,821 83.02 |Consoiousness 0,68y
87,02 | Conocentration -0,556 93,04 | Motivation 0.578
815.03 | Foousing =0.547 813,03 | Complexity 0,554
85,03 Stability +0,534 58.03 Antioipation 0.502
814,02 | Risk +0.515
TABLE V., SUMMARY OF RATING MEANS (N = 5) AND ANOVA's FOR SET 1 FLIOHT SCENARIOS
CONSTRUCTS
FLIGHT
SCENARIO
cl c2 c3 o] o5 06 Vi o8 cy cl1o0
rl.l 1.7 E.z 4.0 2,0 7.0 6.0 6,6 6.4 2.4 1.8
F1.3 2.6 A 3,8 2.4 6.4 5.2 5,6 ] 2.4 b0
rl.5 4,86 U,y 3.2 5.2 I, 2 2.8 2.0 3.4 3,8 4.8
FL.7 6.8 b,0 4,8 6.4 3,0 2,7 2.2 2.4 6,2 6.2
rl, 6.6 b, 2 5.3 6,8 3,2 1.4 0.7 3.0 4.3 4,8
Fl.11 3.6 4.9 2.9 2.8 2.5 F] 2.8 2.4 1,2 5.0
Fl1,13 3.2 3.8 5.0 2.0 6.2 3.6 3.4 6.6 5.0 3.6
11,15 i,0 3.6 4,2 2.4 5.6 4.8 4,8 4,8 5.2 3.0
rl.l7 4,2 Wi b,6 2.6 6.4 6.0 5.8 5.8 4,2 2,8
ra,l 6.6 3.6 6,2 6.6 3.6 2.6 3.0 3.2 6.6 6.4
F2.3 4.4 5.8 E.O 1,0 7.0 7.0 5.8 7.0 4,4 2,98
w2.5 6.4 3.6 .8 5.0 [N} 3.0 4,2 3.4 5.4 4,8
F2.7 5.8 4,2 4.8 2.8 3.8 b4 4.6 5,4 4,2 4,0
r2,9 6.6 5.0 5.4 5.4 Y 3.2 3.4 3,8 6.2 5.8
r2.11 4,6 3.6 4.8 3.4 5.4 3.6 4,8 5.2 3.6 3.6
MEAN 4,74 4,11 4,58 3.79 4.98 3.88 4. 0H4 h.5H 4,34 4,18
P RATIO 8,22 0,619 11.753 |11,16 7.00 1.02 6.97 6.59 10,81 3,04
PROB. 0.001 NE NS 0.001 | 0.001 g.001 0,001 0,001 0,001 0.91
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TABLE VI. SUMMARY OF RATING MEANS

(N = 5) AND ANUVA's FOR SET IT FLTGHT SCENARTOS

CONSTRUCTS
FLIGHT
SCENARIO
cl c2 c3 c4 c5 cé c? c8 o} c10
Fl.2 4.2 ] 2.6 2.0 6.4 h,2 3.6 6.0 3.4 4,0
Fl,4 5.8 U, 4 4.2 5.8 3.0 2.4 2.6 2,2 5.4 5,6
Fl.6 [ 3.8 2.4 l.2 6.8 5.2 3.6 6.6 2.6 2,4
PFl, 7.0 byl 5.5 6.2 2.4 2.8 2,7 2.4 5,6 6.8
Fl.10 3.4 2.4 6.2 3.4 5.8 3.8 E.B 5.4 4.6 3.2
l.12 2.6 2.0 5.0 2.0 6.8 i .8 6.2 b, 2 1.8
Fl.14 4,6 3.6 3.9 3.5 4.6 3.2 4,2 h.8 3.9 3.4
Fl.16 5.0 2.6 5.0 3.2 5.8 2.8 2.8 5.4 5.6 3.6
Pl.18 3,2 5.2 5.0 2.4 4.4 [ 5.0 4,2 1,6 2.2
¥2,2 5,6 2.8 3.6 3.6 6.0 3,0 3.0 6.2 6,2 .8
P2l 4,0 3.2 4,6 2.6 6.6 L.8 4.4 5.4 3.6 2.8
F2.6 h.8 6.0 3.6 6.8 1.4 1.2 1.2 1.2 E.6 6.4
Fa.g 5.0 4,6 .0 2,0 6.6 6,2 5.8 6.0 3.8 3.0
72,10 8.2 3.2 5.0 4,0 5.8 5.4 4,8 5.4 3.8 3.4
MEAN h,62 3.75 4,38 3. 48 517 3.99 3.88 4,81 4,28 3,88
F RATIO 2,02 1,97 2,38 T.57 |il.72 5,56 4,42 13,41 441 7.62
PROB, 0.05 0.0% 0,05 0,001 | 0,001 0.001 0,001 0,001 0,001 0,001
TABLE VII, OORRELATION MATRIX OF OONSTRUOTS FOR SHET I FLIGHT SOENARIOS
NO, CONSTRUQT a1 02 c3 oh 05 06 'h4 08 09 010
Q1 Familiarity 1,000
02 Foousing ~0,039( 1,000
Gi Info., quuntiry| 0,439 0,002 1.000
o] Inetablility O.HEB =0,207| 0.115] 1,000
05 |Qonoentration [-0,438| 0,211 |-0.072|-~0.793| 1,000
06 Uomplexity ~0,373( 0.320|=0,088|~0,727] 0.,766] 1.000
c? Variablility -0-313 0,358 [=-0,026 |~0,6%57 0.‘28 0,811 1,000
08 Arousal ~0,402| 0.227| 0.02U|~0,805| 0,846 0.757| 0.68n| 1.000
] Info. quality 0.583[-0.182| 0.442| 0,456]=0,379(-0,394 |-0.475(-0.307 |1.000
010 | Spare capaoity| 0.397(-0.176| 0.151| 0.674|=0,744|~0,683|=0.765(=-0,711]0.472[1,000
TABLE VIII. CORRELATION MATHIX OF UONSTRUCUTS FOR SET Il FPLIQHT SOENARLOS
NO, UONSTRUOY cl 02 3 04 05 [o] a7 c8 [o}°] alc
o1 Familiarity 1,000
02 |[Foousing 0.061| 1.000
OE Info. quantity| 0.077|=0,106] 1.000
[¢] Inatability 0.253| 0.136| 0.076] 1.000
[} Conoentration |-0,203|=0,374|-0.027]|-0,652| 1,000
c6 |Complexity -0.206| 0,109 0,161|-0,558] 0.560| 1,000
07 Variability -0,297| 0.055| 0.210|=0,488| 0,478( 0,848 1,000
o8 Arousal ~0,086(~0,337| O.048|-0,698] 0,817| 0.527| 0.525| 1.000
09 Info. quality 0,161 0.046] 0. 421 O,417|~0,26B{~0,356|~0,328]|~0,213{1.000
010 |Spare capacity| 0.304| 0,114 |~0,057| 0,615 |=0,647]-0,558 -0,591 -0.651)0,3221,000
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TABLE IX. LOADTINGS OF CONSTRUOTS ON PRINCIPAL OOMPONENTS FOR SET I FPLIGHT SOENARIOS
PRINCIPAL COMPONENTS
NO. CONSTRUCT 1st 2nd ird
VAR: 47,89% VAR: 19,75% VAR: 11.52%
ol Familiarity =0,398 0,728 0.122
Cr Foausing O.l“g -0.016 0,956
OB Information quantisy 0,08 0,85 =0,002
0 Insbability -0,8%8 0,20 =0,047
1] Gonoentration O.glh w0, 145 0.032
06 Complexity 0. 849 =-0.123 0.24
Og Variability 0.819 -0.113 0.333
o} Arousal 0.919 ~0,026 0,045
1] Information quality 0.3“3 0.750 «0,197
010 Spars oapaolity -0,823 -0.225 =~0.077
TABLE X. LOADINGS OF OONSTRUOTS ON PRINCIPAL OOMPONENTS FOR SET II FLIGHT SCENARIOS
PRINCIPAL COMPONENTS
NO, CONSTRUCT 1at 2nd ird
VAR 36,82% VARt 20,15% VAR: 15,25%

ol Pamiliarity -0,1335 0.142 0.214
g2 Poousing 0,202 0,859 ~0,086
Oa Information quantity 0,200 -0.,026 0.896
0 Inotablliby “U, 650 0,434 0,283
05 Oonoentration 0,571 0,688 -0,113
06 Oomrllxiuy 0.924 0.002 0.011
ok Variublility 0,915 -0,002 0,063
Jb Argusal 0.607 =0,671 =0,005
09 Information quality -0,365 0,046 0,748
g10 Spare oapaolty 0,720 6.376 0.103

TAHLE XI. SUMMARY OF CONSTRUOT RA'TING

MEANS (N = 24) & ANOVAm FOR PILOT DEOISION SCRNARIOS

DECISION SCKENARIO
MEAN hy PrOB
NO. CONSTRUQT VALUL <
Pl P2 P3 P4 3] P6

0.l Attentional demand 5,62 [ U,15 (6,03 5,241 4.13 | 5. 47 5.11] 16,60 0,001
Cilad Inntability 5,80 | h.21 | 5,50 5.00 | 4.33 | 5.79] 5.08 6.40 0.001
Cela2 Complaexity 5.3“ 371 5.17 | 4.83 3.92 5,13 | 4,72 11,36 0,001
1.3 Variability 5,88 | 4,04 | 9,33 | 5.04 25 8,46 5,00 | 11,17 0.001
Ci2 Attentional suppiy 5,60 [ 4,665,781} U, 00| 4,70]5.38] 5,17 | 6.%2 | 0.001
Ci2sl Arousul 6. 42 | 4,83 | 6.46 | 5,25 | 4,71 6.08] 5,62 | 22,90 0,001
g.2.2 Oongentration 6.21 | 4,79 6.23 5,171 4,71 5.58 E.Nﬁ 16.9; g.n01
0-2»3 Division 3,96 | 4.71 ] 3.5 1.92 h,oul 3.96 01 2.8 0,05
Ci2s Spare ompaocity 3,83 15,04 3,13 8,13 | b5 3.67 4,09} 10,19 | 0.001
0.3 Understanding 2.17 5,45 2.00 4,89 | 4,72 | 4,28 | 4,92 | 3.37 | 0,01
C.3.1 Information quantity 79 3.00 9| 4467 H.E“ 3.83 y,60{ 3.17] 0.08
0.3.2 Information quality W,25 (4,79 | 4o71 | 4,33 | 4,42 ) 4,50 U450 0.79 ] NS
0-3.3 Familiarity 4,50 15.58 | 3.67]) 5.21 3.33 4,83 | 4,86 10,14 0,001
¢, Situation Awareness 9,50 | 5,08 | 5,46 ) 5,26 | 4,71 | 4.61 | 5,10 2.42 | ©0.0%
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TABLE XII. SUMMARY OF CONSTRUCT RATING MEANS (N= 19) & ANOVAs FOR NAV DECISION SCENARIOS
DEOISION SOENARIQ
. MEAN | F PROB
NO. CONSTRUCT VALUE <
l N1 N2 N3 NU N5 N6
C.l Attentional damand .64 15,71 |5.60 | 4,29 [5.00 ] 4.57 [ 4,97 |3.0L 0.05
0,1.,1 | Instability .79 | 5.63 | 4,42 |5.63 |4.50 | 3.89 [4.81 |3.01 0,05
C.1.2 | Complexity 4,32 |5.32 | 4,79 |4.37 [3.26|3.32 | 4.23 |5.47 0,001
C.1.3 | Variabllity 4,79 | 5.68 | 4,85 15,11 |4.no | b4.47 |4.81 |2.81 0,05
G2 Attentional supply 474 15,56 | 5,68 [ b2l | 5.21 | 4,66 (5,04 (4,26 0,01
C,2.,1 | Arousal E.RG 6.26 | 6.11 | 4,95 | 5.47 5.03 .52 [3.78 0.01
0.2, | Oonoentration .89 | 6,32 )6.26 N.ﬂx 5.42 | 4.7 5.35 6.56 0.001
O.E.a Division W,u2 |3.16 | 2,63 | 4.5 3.89 | 4.58 |3.88 [5.14 0.001
0.2, Spare capaoity W, 37 | 3. 472,47 | H.58 | 4,58]4%,79]3.99 |8.92 0,001
b C.3 Understanding 5.57 | 5.59 3.50 4,28 15,06 | 5,62 |5.27 [4.29 0,01
Cs3.1 | Information quantity 5.32 | 8. 47| 4,68 |3.84 | 4.32]|5.05 4,78 |3,98 0,01
0.3.2 | Information quality 5,21 | 5,32 | 4,7H ]3.74 | 4.68 5,11 |4.80 [3.64 0,01
0.3.3 Familiarity B.GE [} 3.38 z.ll 5,11 | 5.26 | 4.85 | 5.50 0.001
g, Sitvational mwarsness %,74 15,63 (5,84 | h,00|4,95]5.,00|5,19 [4.99 0,001
TABLE XIII. OORRELATION MATRIX OF CONSTRUCTS FOR PILOT DEQISION SCENARIOS
NO, {01 al.l joi.,2 |ol.3 |02 g2.1 (02,2 |02,3|0R.4 |03 03,1 [C3.2 [C3.3 |CH
01 1,000
g1.1| «506{ 1,000
01,2 67 8611 1,000
C1.3[ .66 +619] 871} 1,000
c2 601 .i“ﬁ 430 452 1,000
gd. 1| (699 .h4ad ."ZT JAae8l .687 1.000
g2.2| (6%9 .4o00{ .u85| ,4@88[ ,%93 . 1,000
02.3 -031 -00 0 'n077 -.OET -»0;6 ‘.055 -.012 1.000
CR M| =612 =369 = 546] =, H46| ~,283| -, 399] =.383| U4kl 1,000
[k JOBU «, 181 =, 180] -, 126] .13 .062] L101| 184 .2321.000
3.1~ 124) =, 147 -, 260) -, 197] -, U58] -, 084| =,091] 134} ,U4k42; .607| L.00O
03,2 =173 -.131 = 2Bl =, 269 -, 096] =, 152 =, 191 178 .337 426 .655 1,000
03.3 = J18[ =, 182 »,237] ~,202) =, 012 =, 212| =, 146| ,283] 484} ,422] ,181] .229|1.000
o JOUL[ .010| =-s022] 010 078 .123 139 .140] .27e| JHL17| (59%] 461 .227|1.000
(R = 0,21 ped,05; R = 0,27 pa0,01} R = 0,34 p«0,001)
TABLE XIV, CORREUATION MATRIX OF CONSTRUCTS I'OR NAVIGATOR DECISION SCENARIOQS
} NO. |01 0l.,1 01,2 ]01,3 |02 02.1 |o2.2 |o2.3|ca.4 |03 03.1 |03.2 |C3.3 (o4
0l 1,000
01.1{ ,260} 1,000
01,2 5411 .333/1.000
01.3] 364 ,281] .718/1.,000
1] 532 .078] ,191 .223] 1,000
ca.l .50; ,090| ,256] .190] .796(1.000
62.2| .568| ,068] ,309| .166/ .739| .862|1.000
oa.z -, 291 ,028|=,207| =, 165| =.101| -, 119| -, 200| 1,000
02: "01“-9 --152 -.3“5 -.2‘1 --190 -:207 "|282 0513 1.000
03 .133 .120] ,124] ,148] 485 .3%8) 928 069 143 1,000
03.1] .243) .13 2511 151 .337 .281] .361| 094 .08 7231 1.000
03.?| .a02] .07 ,073| 051 .462y .3%8| .933] .055 .08 ,682f 634 1,000
03.3 -.083!=-.123] .0k9| ,227 .0%0 JOH7| -,00%8 .931 .394] .313( .22% .167|1.000
[¢] JHg7| Jou2] J266] .116] .6h9| .%8%| .566] .080 ~.108] 597 5371 JS54U] .209]1.,000
(R = 0.23 pe0.0%; R =» 0,30 p«0,01; K = 0,38 px0,001)
'
i
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TABLE XV. LOADINGS OF CONSTRUCTY ON PRINCIPAL COMPONENTS FOR PILOT DECISION SCENARIOS
PRINCIPAL COMPONENTS
NO. CONSTRUCT lat 2nd 3rd bith
VAR: 22.10% VAR: 19.69% VAR: 18,89% | VAR: 12.61%
C.1 Attentional damands 0,686 0,H96 -0,019 0,323
C.1.1 | Instabllity 0,217 0,774 0,036 0.030
0.1.2 | Complexity 0,354 c,807 0,153 0,104
c.1.3 Variabllity 0.%51 0.830 0,100 0.0U9
C.2 Attantional msupply 0.826 0,178 n.o02 =0,017
0.2.1 | Arousal 0.825 n,299 0.000 0.101
C.2.2 | Congentration 0.809 0,295 0.017 0,029
g.2.3 Division -0,098 0,138 =0,077 -0,820
C.2,4 | Spare oapacity =0, 346 =0, 350 ~0,316 =0,635
C.3 Understanding 0.346 =0.297 -0,658 =0.211
€.3.1 Infarmation quantity =0,063 =0,12 ~0,896 -0.068
€.3.2 Information quality =0.183 «0,093 =0,79% ~0.073
C.3.,3 | Pamillarity 0,071 -0,313 -0,176 -0.626
'] Situation awarsnenss 0,102 0,106 -0.778 ~0,147
TABLE XV1. LOADINGS OF QONSTRUGTS ON PALNCIPAL COMPONENTS FOA NAVIOATOR DECISION SCENARIOS
PRINC.IPAL COMPONENTS
NO, CONSTRUCT lst 2nd ird lith
VAR: 24, 48% VARt 18.77% VARY 16,278 | VAR: 13,348

0.1 Attentional demands =0.591 -0,092 0,084 0,285
C.1,1 Inatability 0,179 =0, 320 0,508 0,293
6.1.2 Complexity -0, 186 ~0,079 0,874 0,090
C.1.,3 Variablility =0,114 0.000 0,885 0,114
.2 Attantional supply ~0, 845 -0,289 0,085 U002
Ci2.1 Arousal -0, 89% =0.157 0,097 0,024
Cs2,2 | Conoentration -0,87 -0,167 0.118 0,122
C.2.3 Division 0,188 =0,155 -0,158 =0.6K1
g.2.4 Spare oapaoity 0,263 -0,160 ~0,327 ~0,635
0.3 Understanding -0,256 =0,833 0.053 -0,181
Ci341 Information quantity -0,184 -0,838 0,144 0,092
C.3.2 Information quality ~0,278 -0,81% ~0,059 =0,036
0.3.3 Familiarity -0.,08¢ -0,120 0,196 -0,838
Coli Situation awareness ~0,652 =0.501 0,097 ~0.113

Copycight (C) Controller HMSO London 1989,
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SUMMARY

Pilot situation awareness {s not a well-understood concept, Most attempts at understanding
situation awarenass have relfed almost exclusively on subjective reports, and have not led to a clear
undarstanding of the concept. The present work represents a performance-based approach to assassing
situation awarengss, whare the relationship batween pilot-reported situation awarensss and tactical
task purfurmance s investigated, Aspects of a high-realism aip combat simulation were analyzed in
turms of & priori hypotheses regarding performance of & tactical task (fire point selection), its
ratation to pilot-reported sftuation awaraness, and its relation with mission outcome, Results showed
that pilot-reported situation awarensus by 1tself was not a relfable indicator of pilot performance
{based on mission outcome). Further, p{10t performance by {taelf was not systamatically related to
fire point selection. Only when the simultancuus operation of pilot performance, fire point
selection, and pilot=reportad situstion awarsness are considered does a systematic relationship
emerge, The highest mission performance scores vere associated with both a FPS within a Erofurrcd
zone (B0-1008 RMAX2) ’ng high pilot-raportad SA ratings, Lowur performance scores were obsmrved as
pilots' FPS diverged from the prefurred FPS area and reported lowsr S5A scores, The drop-off in
mission performance is more savers when pilots launched their weapons insfde the 80-100% RMAXZ ared
relative to Taunching outside this preferred area. Thesa findings are intarprated in terms of fire
point selection as one potential measure of merit for tactical s{tuation awareness,

INTRODUCTION

To date, pilot sftuation awarensss (SA) has been an amorphous concept whose interactions and
tnfluence on pilot task performance 1s largely undefined, One approach to lunding structure to
defining SA measures {s to determine the information elements the pilot uses to develop an adequatu
"state of knowing" relative to specific tactical tasks, and to detarmine measures for pliot "states
doing" that optimiza overall miasian parformance, Current studies have focused on the cognitive
models, paradigms, and manta) statas of the pilet ay he procesds through a mission. At bast, these
studies loosely define pilot SA level as & stand alone value based on racall or workload. Nonhe of the
studies ralate SA Juvel with pilot performance {n measurable terms. Given that a *siate of know1n?"
and propar task execution based on that knowledge state are essential elements for successtul missfon
performance, measuras of marit for situation awa must include both subjective and ohjective task
performance messures to adequately assess SA.

f

o

The purposs of this paper s to report the development of measures of morit for pilet adtuation
awargness by defining measurable ralationships betwesn the tactical pilot's reported "state of
knowing" and his “state of doing" for specific air combat tasks, This relationship {is refiected in
the pitat's overal) performance baned on mission goals. The methodology presented here reflects an
embedded tesk technique for determining situsation awareness. Variations in some knowledge state
{t.0,, situation awareness) are inferrad from variations in a measured objective performance ({.e., a
tactical air combat task),

In ordar to suppurt the analysis of a knowledge stats/performance ralationship, a data base for a
repreyentative air combat simulation was selected which contained task-based data, mission outcome
data, and subjuctive SA data. This simulation was the Advanced Medium-Range Air-to-Afr Miseile
Opurational Uti14ty Evaluation test (AMRAAM OUE) test conducted n 1981-82, Specific hypotheses were
forined relative to five critfca) tactical air combat task areas, These flve tactical task arsas were
tdantitied based upon the rasults of a previous determination of critical tactical tasks. Thase tasks
were 1) fire point selaction (FP3), which iz that ralative wpatial position where the pilot decides to
fire his weapony (afr«to-air missilte); 22 weapons envelope managument, which s energy mansuverability
and Pe (spacific sxcess cnor?y) in relatfonship to achieving weapons launch puramsters; 3) target sort
and iilnction. which is the fdentification and prioritization of targuts baswd primarily on
information from onboard sensorsy 4) defensive/counter-offansive maneuver, which {s the pilot response
to threat actions or attacky and 6) mutua! support of formations, which 13 the complex relationship \
among f1ight elemants to provide synargistic enhancenent of offensive firepower and survivability, i
This papar presants results from the fire point selection analysis only. The core of these results
fnvolve & description of tha complex relationships that wers found betwaen mizsfon outcome, self«
reported pilot situation awareness level, and firs point selection,

A number of relationships were pradicted in the analysis nf thu relationships lmong §A, FPS, and
mission performance. First, It was hypothasized that pilot SA ievel would be posttively correlated
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with mission performance. Second, 1t was predicted that mission performance lavels would be
influanced by fire point selection within the missi{ie launch anvelope, Third, it was expectad that
the most accurate rrudictions of good and poor mission performance would be obtained through
consideration of tle joint operation of fire point selection and pilot SA laval.

METHOD

Subjects

Sixteen tactical pilols participated in the original AMRAAM Qperational Util1ity Lvaluation
simulation, Eight pilots were experienced F-15 pilots and elght were axperienced F-16 piluts,

Measuras

ot Performance Index, The only missfon nutcome data calculated during the original AMRAAM test
were minsion scores for the ovarsll flight, In order to svaluate relationships betwean individua
pilot task parformance and pilot SA lavels, an indux more sensitive to Individual performance was
developed and used, Misafon outcome was measurad by tha Pilat Parformance Index (PP1), which was a
weighted score hased on the ratio of the number of adversary aircraft "kiiled" to the numbsr of
friendly losses, The PPl valums rangad from -443 to 1106, Values less than zero were classified as
poor mission performance, whila values ranging from 0299 were considered as sverage performance, and
values greater than 299 were classified as good mission purformance.

Reported SA measura. The pilot-reported SA dats conststed of subjective ratings collected at the
time o; the sTmuTation, and were obtained from threa sources, After each trial, the pllot rated his
own SA leval, the f11ght lead rated the averall flight SA Yavel, and a trained obsarver (s qualified
tactical pilot) alwo rated the overall flight SA level. Thase ratings ware based on planned tactics,
executed tectics, an assesyment of the flight's response to tactical situations, and the participants
awaranesy of on-goiny tectical events, independent of the final anyagement outcome., A fourth SA
rating was derived, which was the average of individua) pilot SA ratings for each flight,

Fire Point Selection. Task-baswd data collected vn fire point selection included actual missile
launch range, no 'Icl?l range, aspect at launch, and minimum and maximum rangs data for all AMRAAM
Yaunches, The FPS values used in the present enalyse: were axpressed as a percantage of RMAXZ, which
was calculated by dividing the actual launch range by the no escape range (no escaps range may be
sonceptualized here as the minimum range at which u target could exscute a successful evanive maneuver
to defant a missile), The percentage of RMAX2 valuws usud in this study were approximately equivalent
to no escape range for the AMRAAM,

A total of 4B trials (24 F«15 and 24 F«18) ware used in the analysis,

RESULTS AND DISCUSSION

Three relationships were investigated using velf-raported SA and P{lut Perfaormance lndex data.
First, the extent of the relationohip between pilotureparted SA and Pi1ot Performance Index was
examined to wvaluate mission performence sensitivity to self-reported SA level, Second, the Fire
Point Selection and Pitot Performance Index ralationship wes evaluated to establish mission
performance sensitivity to specific tawk execution, which, in this case, was FPS, Third, mission
parformance was avaluatud as & Joint function of FPS and pllot~reported SA.

Rgggrt*d SA and mission perforinance, Correlations werw computed to determing the relationship
between ge -Fepor Ia—ii-$;Vl s and mission performance (PPt). The pi\ot-runortod SA relationship
with PPl way moderate (r = .56 for F-15 trials, r = ,60 for Fu16 trials), The observer-reported SA
relationship with the flight composits PP1 (overall flight performance) was also quite strong (r = .60
for F<15 trials; r « .85 for F-16 trials). The ralationship betwean pilot-reported SA and {ndividusl
pilot PPl was examined more closely by categourizing pllot-reported SA and PPl into thrme categories:
good, average, and poor. The distribution of SA ratings as a function of PPl {is pressnted in Table 1
lased on thesw data, three observations may ha made, First, those pilots who ratwd their SA as poor
11so had Tow PPl scores, reflecting poor performance. Second, those pilot: rated their SA as average

Table 1. Tha distribution of SA ratings as a function of PP1,

eMEBEENUEN e EEsSEARBEEHFEE RS URE USRS, T e L LT "ewe

F-15 r.16
Pilot Performance Inuwx (PP1)
Goud Average Poor Good Avarage Poor
SA Rating
Good 21 6 13 20 14 10
Averaga 0 [} 7 0 3 5
Poor 0 0 ) 0 0 L]

had avarage PP scorss. Third, and most importantly, for those pilots who rated their SA es guod, a
subsat had superfor PPl scores, while asother subset had average or low PPl scores. It appears that
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subjectively-reported SA msy not he an accurate predictor of good mission performance. Good SA, as rated
by the pilot, appears to be : necessary bui not sufficient contributor to good pilut performance.

FPS and mission performance. Three missile firing regions were idenct,.ed; 1) a preferred ragion
whare most of fhe 1iots Yaunched missiles (BO-100% RMAX2 for the nose and front quarter aspects, and
60-70% RMAXZ for the beam aspect); 2) a secondary v2gion where most of the remaining pilots launched
(100-130% RMAX2); and 3) a transition region. Note that the term "preferred" used aere refers to
observed pllot FPS and does not necessarily imply an eputmum FES, The highest PPl scores were in the
preferred region for the nose and front quarte~ aspects, For the beam aspect, which {5 {.4icative of
later stages of an air combat engagement where the participants are closer in range, the highest PPl
scores were in both the transition and preferred regions. Average mission performance scores were
found in the secondary FPS region, It {8 of significant interest that the poorest scorex were found in
tia preferred region, Indicating that FPS, by itse?’f, {s not an indicator of yood mission performance.
To obtain {nformation concerning the overall distribution of scoras by FPS area, individual PPl scores
were summed for all trials and nlotted as a funstion of FPS. Thase data are shown in Figure 1, which
shows that mission performance i5 highest within the 80.100% RMAX2 region. Mission performance values
are lower at closer FPS values (e.g., inside the B0-100% RMAX2 arsa) relative to FPS values beyond
this preferrad area.

(Normalized for 25 Cases)

—wo

4 41.80 91-100 101-120 120
P8

Figure ). Mission performance (PPI) as a function of fire point selection area.

A number f statements summarize the FPS-parformance relationship. First, launching within the
80-100% RMAXZ area may lead to high mission performance, but does not gquarantee {t. Sscond, launching
within the sucondary FPS region red..rs the opportunity to achieve high mission performance, but
increases survivahility. Third, taunching outside the preferred and secondary fPS regions lecads to
poor mission performance.

FPS, Reportud SA, and mission performance. It was expected that the most accuret- predictions of
gond'iﬁa poor mission perfonrance would pe obtained through consideration of the joint operation of
fire point selection and riiat-reported SA level. The relationships among PPI, FPS, and pilot-
reported SA are presented in three-dimensional space in Figure 2, Each set of points represents one
participating pilot's FPS values averaged over aspect geomstry. Dsta points represented by cubes are
those pilots who have hich PPl and who alsg reported high SA levels. Pofints reprasented by pyramids
are those pilots who have averaje PPI levels, and who reportad average SA levels, Inverted pyramids
represent pilots who had low PPl scores and who reported low SA levels. Finally, the black balls
reprasent pilots who obtained average to low PPl scores, but who reportcd high SA Tevels. It can be
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Figure 2. Mission performance (PPl) as a function of fire point selection area (expressed
as a parcentage of RMAX2) and raportead situation awaramness lavel,

seen, in Figure 2, that the highest PPI scores were associated with both a FPS within the 80-100%
RMAX2 region and high SA rankings. Lowar performance scores wers observed as pilots' FPS diverged
from the 80-100% AMAXZ area and reported lowsr SA scoras, 1t can also be seen that the drop-off in
performance 1s more severs when pilots launched their weapons inside the 80-100% RMAXZ area relative
to launching outside this preferred araa, Consideration of the relationship of all three variables
allows an explanation of variability of PPI values within the praferred FpS r|g1on. The SA ratings of
individual pilots allows a rank ordering of ptlots' PPl values within the BO-100% RMAX2 region: as
pilot SA increases, performance also increasas. Neithar high SA or proper FPS by themselves predict
the 11ghest perfarmance; 1t {s their combination that produces optimal mission performance,

It way observed that some pilots tended %o overratas their SA lavel relative to their mission
performance, In order to investigate this further, pilot PPl scoras wer: rank ordered and compared
with their respective self.reported SA ratings. This ranking allowed the separation of pilots into
two groups: V? pilots whose Lelf-reported SA scores ruflected actual mission performance as it varied
from high to low: and 2) pilots whose self-reported 5A scores did not correspond with their overall
mission parformance. As can be sean by the black balls fn Figure 2, ptiots whose self-reportad SA
levels were not represantative of their performance tended to launch outside the 80-100% RM1X2 area,
resulting tn lower PP! values, These pilots tended to deviate from the preferred FPS area for nose,
front quarter, and beam aspects., [t i3 possible that erratic and inconsistent FPS patterns were
evidence of a lack of an accurate internal representation of the air battle. This incomplete or
inaccurate "state of knowing" forced pilots to enter a “state of doing" that was less than optimal,
and possibly even random in some cases, which resulted in poor mission performance, On the other
hand, pflots who reported high SA levels and launched weapons in the preferred ¥PS region had built an
accurate mental repressntation of the air battle, and actively searched for and found consistent and
cuntrolled FPS 1iunch patterns,

Two statements summarize the relationships among FPS, pilot-reported 5A, and mission performance.
First, launching within the 80-100% RMAX2 area may ?ead to high mission performance when accompanied
by reported high SA levels, Second, launching at extreme or erratic FP5 values may be an {ndicator of
poor situation awareness.

There appears to be a relationship betwesn FPS and mission gutcoma that indicated evidence of
aspect-dependent aptimum FPS areas., Launching weapons within thesa zones, on the averags, produced
higher performance than launching outside these zones. Launching insfde these zones reduces
performance dramatically because the fncrease in Py 13 overridden by the decrease in Pg. Firing
outside these zones also reduces parformance, but the effect 1s Yess pronounced since éhls performance
decrease {s primarily due to decreasing Py. Experienced fighter pilots know that these FPS zones
exist, but sevaral {nformation elerants miust be provided to the pilot in a coherent format before he
can make practical use of this knowledge, These information slements are task-specific rather than



global in nature, und are often inferred (based on air combat training experience). Such {nformation
alements include relative spatial positions, changes in these relative spatial positions, closure
rates, ownship weapons envelopes, target aspect angles, estimated enemy weapons envelopes, perceivad
enemy tactics. These are the knowledge elements that in part comprise situatinn awareness,
Typically, these information elements come from several displays as well as the pilot's own senses.
The information must then be intcrpreted hy the pilot and {ntegrated {nta his rapidiy-changing
representation of the atr combat environment. Unfortunately, present displays do not afford easy and
efficient integration for the pilot, which 1n turn makes it difficult to achieve satisfactory
situation awareness, For example, in a beyond-visual-range engagement the only indication a pilot has
of an ebrupt adversary counter-maneuver may be a rapid decrease in Indicated closure rate. The pilot
1s then forced to obtain information on the advnrsnr:‘l aspect angle from another display, and
1ntag:a§| that data element with information from othar displays to determine rapidly changing
geometries.

Definable relationships upgoar to exist batween pilot-reported SA level, task execution, and

11 performance based on the trials selected from the AMRAAM OUE simulation. This data base had
a) 1imitations that affected the accuracy of SA measurements, Oue to thase problems, the exact
turs of the complex SA-performanca relationships could not be r1gorous|y astessed. These results,
howevar, provide a basis for structuring data base organization and data collactfon @lements in future
high«realism simulations of air combat.

APPLICATIONS

The methodologies and results described have a?plicltlonl to desiyn areas that include the
development of tactical displays, artificial intelligence appifcations for fighter aircraft, and
development of cockpit automation concepts.

As an example, it is interesting to note that in Lhe AMRAAM OUE simulation, RMAX2 was displayed in
standard F-15/F<18 heads-up displuy (HUD) and {n vertical situation display (VSh) formats. However,
the pilots chose very different FPS patterns, indicating that the displayed information was used
differently, or in some cases may not have been used at all. From the gnrspoct!vu of tactical display
design for the cockpit, it 1s crucial to develop display formats that allow quick and accurate
extraction of relationships among elements ralated to s{tuation awarsness. Portroyal of these
relationships are influential {n determining effactive sxacution of tactical tasks such as fire point
selection, A specific example of a potential display format that indicates information relationships
relavant to fire point display is shown in Figure 3, One candidate SA display format {s shown on the
left, while an alternstive display format including FPS ralatianships is shown on tha right. In thesa
display formats, awn afrcraft 1s raprasentad by the arrow at the bottom center of each display, The
other three arrows represent advarsary aircraft at differant aspect angles and different ranges, In
the display showing FPS relationships, the launch envelopss are refersnced to two in-range targets
versus own aircraft. (Note the difference in launch envelope shapes for the nose-on and beam dspects,
reflecting the effects of geometry). Tha shape of the envelope attached to each target afrcraft
reflects a possible prafarred and secondary FPS ragions, giving the pilot an accurate and usable
reprasentation of launch options. The target beyond maximum range has no anvelope, This example of
an FPS-based display provides the pilot with reYationships that map mors closely with the pilot's
mental representation of geometries inharent in air combat, allowing greater currespondence between
the display format and the mental nodel of the dynamic situation.

~ 1 11 ~ q

. ) . 4 .

Figure 3, Possible Situation Awaraness displays showing missile launch envelopes.
Typical “fan" display fs on left; FPS-based display is on right.




EVALUATION OF THE SITUATIONAL AWARENESS RATING TECHNIQUE
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SUMMARY

The Situational Awapreness Rating Technique (SART) has baen developed as an
evaluation toul for airorew systems design. SART provides subjeotive estimates of
attentional Demand and Supply, and ratings of Understanding, whioh are postulated to be
the three primery vomponents of situational awareness. Whilst consiatent with
gontemporary theories of cognition, the application of SART requires knowledge of
perfornrance., SART senaitivity seems likely to depend on the contribution of skill, rule,
and knowledge-based behaviour, and on the role of explicit and implioit knowledge in the
ocandidate task situation. This paper reports an evaluation of SART in three aircrew
systems deslign atudles with different task requirements : (1) Multiple Task Compatibility
3tudy, (2) Attitude Reocovery/Attention=Switohing Study, (3) Warnings Comprehension Study.
SART Demand, SuppI{ and Understanding ratings showed significant effeots of experimental
manipulations in a f three studies. The relevance of the apecific SART components was
related to the contribution of akill, rule, and knowledge-based behaviour to the tasks,
The SART ratings also highlighted weaknesses in the performance measures and improved
their interpretation. Thus, in combination with performance measuras, SART provides a
poverful tool for airorew system Adesign.

INTRODUGTION

As Situational Awareness (SA) har beaome recognised as a major design objeotive,
many attempts have been made to provide & working definition of it., These definitions,
which have proved almost as numerous as the authors making them, these are listed by
Fracker [1], They all contain, however, common elements. These are 'knowledge of the
pilot': 'understanding of goals';and '‘tactical awarenesa'. They tend to ignore
oonsiderations of workload, whioh tend to be treated us independent of SA, Fraocker's
description of SA 4s in terms of the knowledge structuren of the pilot or his tschemata’

2] The more applicabls and anourate these schemata are, then the better the pilot's
assassment of the partioular situation and hence the bettar his SA. This is mediated by
the working memory limits of the pilot i.e. insufficlent apare working memory will
interfere with schemata being oalled up from long-term memory, thus resulting in reduced
capaoity for situation assessment and refuced SA.

The approach taken by Pracker is an essentially theoretical one, with empirical
testing of it as a consequence rather than an antecedsnt. An alternative approach to the
definition of SA was taken by Taylor (3,4]. Me used Personsl Construct Theory (5] ae &
method of elioiting knowledge from airorew about the facvors affecting SA. Thus this
approach used no & priori definition of SA, but slicited that definition empirically from
the knowledge and sxperience of aircrew, Taylor found that ten independent bipolar
conntruots or 'dimensions' emerged. These he formed into a ten dimensional (10-D)
Situational Awareness Rating Teohnique (SART) shown in Figure 1 (below). Purther
analysis of the 10-D soale results indicated that there were three major groupings or
'dJomaina' within the ten oonstruots. He classified theme under the headingo of Demand on
Attentional Resources; Supply of Attentional Resourose} and Underatanding. The 10-D
oonstruots within saoh of these three domains are indicated in Figure 1. 'These generic
groupings were formed into the three dimensional (3=D) versjion of the SART scale shown in
Figure 2 (below).

The advantage of SART 1s that, since the dimensions were elicited from the knowledge
of airorew, then they are likely to have high scological validity. This is likely to be
berefioial in applying the soale in the design of airorew syatems, particularly in
comparison to more theoretically derived approaches to SA measuremsnt. PFurther, since
the roule takes acoount of both demand and supply of attentional resources, it should
provide vcme measure of how differing workload will affect SA, as well as how the more
'knowledge=based' measures apply. What is unclear from the provious SART work i8 the
acouragy of the acale in ths complex, dynamic mituations faoing aircrew and the degree of
'diagnostiocity' or predictiva value that it will have in the real-world.

This paper demoribes three experiments which were oonducted to try to evaluate the
utility of SART as a tool for atrorew systems design, both in terms of its acouracy and
1ty diagnosticity. Rasmussen (6] provided a taxonomy of tesk performance in terms of
three typas of behaviour. These he called Skill-based {.e. manual/visuc-spatial tasks
requiring little applioation of either rules (algorithms) or knowledge (heuristion))
Rule-based i.s. where algorithmic computstion of information ia required to perform the
task by means of defined rules; and Knowledge-based i.s. where sxisting knowledge must be
applied heuristicully to perform the task. This tuxonomg was used sorces the three
expsriments to attempt to teat the SART scales with the three types of task, in an
attempt to show that any utility of SART will be generalisable across the variety of
tasks faced by airorew, The thres studies alsc use performance testing, in additlon to
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SART ratings., Although a full report of the performance measures nbtainad is bsyond the
scope of this paper, a comparison of performance data and SART data 1s used to
investigate whether the mcals can be a useful prediotor of operator performance and the
degree to which it 1s sensitive to design variation. The atudias also attempt to
ascartain the utility of the 3-D SART scale as a low-intrusiveness alternative to the
original 10-D scale. The length of the 10-D SART might prohibit it from some airborne
applications because of interference with the fight task. Thus the shorter 3-D SART may
be more applicable to in=flight testing. These studlies, therelfoure, attempt to
investigate whether the same generic constructs would emerge from the 10-D scale and if
so, whether an administration using the generic constricts only would have sufficlent
disgnoaticity to Juatify ite administration in place of the 10-D scale wheve
Aintrusiveneas 1s a primary consideration.

SART
Pigure 1 (beslow) showa the 10=-Dimensional (10-D) SART soale. It oontains the ten
%n%polnr uon?tguota desoribed by Taylor. Eaoh is rated on a seven-point scale from LOW
1) to HIGH (7).

FIGURE 1. 10-DIMENSIONAL SART SCALE
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Figure 2 (below) shows the 3=Dimensional SART ncale. It contains the three generio
construats derived by SART, plus a fourth rating of subjective situational awareness.
E;gs ?ggseru?t 48 rated by marking s eontinuous 100 millimetre line from LOW (0 mmn) to

mm).

FIGURE 2. 3-DIMENSIONAL SART SCALE
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An administration of the SART soals using a combined 10=D and 3-D scale wes elsoc
used. Thinm was similar to the 10~D administration with the inolusion of the four generic
conatructs shown in Figurs 2 and used the saven-point rating scale shown in Figure 1.

STUDY 1 = MULTIPLE-TASK COMPATIBILITY STUDY
INTRODUCTION

This study investigated the compatibility of left/right hemisphere-specifio taska in
oompetition for attentional resources. Wickens et al [7] showed that dual-task
performunce was improved when information was given direct access to that hemiaphere
dealing with its procesaing. Por 'right-handers' there will be a benefit when visuo-
spatial information is displayed to the left visual fiwld (and hence to the right
oerebral hemisphere), with the opposite being true for verbal information, This finding
has potential implioations for the allooation of information on Head Up Displays (HUDs).
This study ueed a simulated HUD to investigate whether, with & oentral (i.e, left and
right visusl field) tracking task, there was a benefit in displaying additional
peripheral information according to the Wickens et al model. The experimental tasks were
sasentially Skill-bamed calling on both manual tracking and attention-awitohing skills.
It was alsoc hoped to show that the SART soale would be mensitive to the dAifferennes in
attentional demand induced by the experimental variablaes.

METHOD

Subjects were required to perform combinations of four experimental tasks. The first
was to monitor the random movement of a pointer against a fixed vertical scale, and to
respond when the pointer reached the upper or lower scale limit., The visual fleld to
whigh the pointer task was pressnted was varied. The seoond task was to maintain the
position of an airoraft refersnce symbol in relation to a pitoh bar. The pitoh scale
movement simiylated deviations in both roll and pitoh. This tracking taask ooourred in the
sentre of the $'s visual field, The third task was a short-term memory task [8].
Subjects were presented with a series of seven single digita, displayed in the centre of
the airoraft reference aymbol. Subjeots were asked to read the digits aloud, as they
were presented, and to report whether a subsequent digit (presented after a two seoond
delay) had ocourred during the initial seven, The fourth task was used as an alternative
to the memory task only. This was a aimple vigilance task. Subjects we required to
monltor the oventre of the airoraft referense symbol and to respond when a target (the
letter X) was presented. The pointer task was taken as the primary task, and was carried
out with and withou* the oonourrent tracking and memory/vigilanoe tasks to provide the
variation in taak workload: The number of corrsct identifications made on the pointer
task was taken as the main performanoe measure, The combined 10«D/3-. BART
administration was used.

RESULTS
TABLE 1., VARIMAX ROTATED FACTUHS OBTAINED PROM THE UOMBINED 10-D/3-D SART

FAC.! FAC2 FAC3 FACH

DEMAND 083 -003 010 =~0.10
INSTABILITY 079 =004 027 ool
COMPLEXITY 088 -009 017 002
YARIABILITY 08) o008 032 005
SUPPLY 059 -008 054 -023
4 ROUSAL 034 005 080 -014
CONCENTRATION 027 00! 083 -005

UIYISION OF ATTENTION 023 007 062 -004
SPARE MENTAL CAPACITY | -055 050 <~0.13 -0.18
UNDERSTANDING =001 057 -032 -044
INFORMATION QUANTITY 006 o086 -0.14 -001
INFORMATION QUALITY ~0.04 082 027 -00%
FAMILIARITY -0260 081 019 -007
SITUATIONAL AWARENESS [ 002 009 D018 -088

A Prinoipal Componenta analysis, using Varimax rotation, wes psrformed on the scores
obtained from the combined 10-D/3~D BART The results are shown in Table 1 (above). Four

tactors werc found, which scocounted for over 7%%5 of the total variance. The first factor
weighted highly on the generic 'Demand on Attentional Resources' plua the three original
dimensions whioh had been grouped to produce that conatruot. This faotor aodounted for
the largest proportion of the total varlance. This 1s in line with the prediotions of
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the study where demand was the main experimental variable. The second factor weighted
highly on the generio 'Understanding' oonstruot plus the three original dimsnsions
grouped within it, The third factor weighted highly on 'Supply of Attentional Reacurcas'
glul three of the four dimensions grouped within it, The exception was 'Spare Mental

apacity' whioh appeared more linked to Demand and Understanding in thia study. The
fourth faotor, which acocounted for only a amall proportivn of the total variance,
weighted highly on the 'Situational Awareness' construct. Thua the factors emerging
appear to be in line with those found by Taylor, with the only deviation being for Spare
Mantal Capacity. Situational Awarensss, as a oonstruot, ascounted for little variance and
showed only weak links with the other oconastructs.

The primary performance measure (Pointer task) showed significant differences across
the experimental oonditiona. The numbar of 'Hits' scored on this task was li,niricunely
reduced by the addition of the Traoking task (p(0.001) and the Memory task (p(0.001),

It also showed a signifioant Memory by Traocking interastion (p(0.001) with soorea
ahowing ths largeat decorement whers the two additional tasks were required conourrently.
The impliocation of these results is that the Poeinter task was sensitive to inoreanes in
workload, with scorea being reduced as additional socurces of workload wers imposed.

ANOVAs ware carriesd out on the faotors obtained by the Prinoipal Components
analysis %o determine the senaitivity of the factors to the inoreales in Workload aoross
oonditions., PFaotor l,whioh ocorresponded to the Demand conatructs, showed a significant
inorease with the addition of the MNemory task (p(0.001) and tke Tracking task (p(0,001).
There was also a significant Memory by Traoking interaotion (p{(0.01). This provides
further evidence that this factor provided a measurs of the demands of the tasks since it
showed the same pattern as the primary performance measuva., PFaotor 2, corrssponding to
Understanding, showed s significant effeut (p{0.001) of the presence of the Memory task
only., Soorea on Fastor 2 were lower during the Memory task., BSince the Memory task was
the only Rule-based task used, thias supports the ldea that Factor 2 ias measuring
Understanding, since it is understanding that 1is likely to be senaitive to chan 02 in
rule-based behaviour. Faotor 3, corresponding to Supply, showed an increase pl0,08)
in soores when the Tracking task was present. This is & smaller effeot but may imply
that supply of attention was being inoreased to cope with the continuous Tracking task.
There wers no signifioant effeocta of PFaoctor .

DISCUSSION

The results of this study provide gond auppert for the intornal SART structure
suggested by Taylor. The thres generic coustructs of Demand, Supply, and Understanding
and their assoolated dimension groupings sappear to re-~smerge in this study, The only
exoeption to this i1s Spare Mental Capaocity which no longer appears to lie within the
supply aconstruct grouping. It is unolear from this atudy, however, whether this
dissoclation is an artifact of the design or a genuine effect. A comparison of the
performance and the SART data shows that both appear to have sensitivity to the design
variables:. They provide a further indication of the validity of the gensrio groupings,
since the factor scores obtained are oonsistent with the a priori predictions within the
expeiriment. Demand wus sensitive to the inoreass in the number of tasks subjeots wers
required to perform. Understanding was sensitive to thes inslusion of a more rule-based or
'cognitive' task. Supply appearsd to be sensitive to the inclusion of a continuous rather
than dlsorete task, The laok of diagnostio power of the Fourth factor, whioh sppeared to
repreaent Ghe unidimensional Situational Awareness rating, can be taken as fupther
!vid:noc ots:ho need for a multidimensional acale to reprsaent saourately a conospt as
complex as '

STUDY 2 = ATTITUDE RECOVERY/ATTENTION=SWITCHING
INTRUDUGTION

This atudy investigated whether there were penalties during attitude recovery oaused
by the need to awitch attention between more than one type of attitude reference, Where
the HUD is being used aa the primary flight instrument, penalties may ococur in wwitohing
from the HUD attitude refarence system to a conventicnal Attitude Indloator (AI) within
the ocookpit and vioe veras. Such diffioulties may coour if having to switoh attention
rapidly between the two, as during emergenocy attitude recovery, results in the opsrator
having an inappropriate mental model or schema in his working memovy. This may lead to a
delay coourring berore he oan procsed with understanding the attitude representation,
whilsy the appropriate sohema is being seleoted, Such delays may suggest that a common
representation should be available both Head-Up and Head-Down, This atudy used an
attitude recovery paradigm to lnvestigate this sIfeot. Three types of attitude raference
were used., The firat was a oanted pitoh bar HUD soale.The seoond was a simulated computer
graphios Al ball., The third was a piotorial 'Follow Me' Command Indicator (0I). Thia
was in the form of a line-astern view of a 'buddy' airoraft whioh, if followed, would
guide cne's own alroraft back to the desired attitude [9,10].

METHOD

Eighteen airoprew subjects were teated, All subjeots were student pilota reoeiving
combat training and were of similar age and flying experience. All subjects had
experience of Al aymbology but were naive to HUD symbology. Pairs of static attitude
teprensntations were presented taohismtoscopioally te lubZQntl, with & two second interval
between the first and second presentations. The first attitude was presented as the
Desired Attitude. Subjects were required to hold this in memory until presentation of




5-3

the second attitude, designated the Aotual Attitude. Subjents were required to make the
appropriate input (via a Joyatick) to recover from the Aotual attitude to the Desired
attitude. Desired attitude was represented using sither the HUD or the Al attitude
reference syatem., Aotual Attltude was presented either using the HUD or Al systems or by
the 'Follow Me' Oommand Indicator. Whers ths CI was presonted, subjeots d1d not needto
ocaloulate relative differencea batwean Actual and Deaired attitudes, but merely to make
the ocontrol input necessary to follow the displayed airoraft, Six conditions were given
to each subject i.s. both initial reference systems with «aoh of the three types of
secondary repremsentations. There ware eight trials per condition. In order to study the
rule-based aspeats of the task only, sunjsots were required to only make the initial
input towards the recovery rather than to ocomplete the series of control inputs needed to
make a full recovery. This was ¥ince, to be able to make the initial input,
understanding of the attitude differential must have been gained and the relevant mental
rules for recover: instigated. Subjeots were required to ocomplete a 3=D SART scale after
each trial (palr of attitudes) and a 10-D SART after aompletion of each aondition.

RESULTS
TABLE 2. VARIMAX ROTATED FAOTORS OBTAINED FPROM THE 10-D SART

FAC.1 FAC.2 FAC3
INSTABILITY 0.0% 0.75 «0.24
COMPLEXITY 0.20 0.88 0.08
VARIABILITY 013 0.89 =012
AROUSAL 0.01 0.18 =0.78
CONCENTRATION -0.58 0.12 =0.41
DIVIGION OF ATTENTION -0.37 0.13 -062
SPARE MENTAL CAPACITY ~0.22 -0.83 =0.44
INFORMATION QUANTITY -082 ~0.24 =017
INFORMATION QUALITY -0.78 =0.10 -0.28
FAMILIARITY -0.72 =0.10 0.19

A Prinoipal Compononts analysis on the data I'vom the 10=D SART produced three
factors which are shown in Table 2 (above). 'The highest weightings on Factor 1 are for
Information Quuntitg. Information Qualivy, and Familiarity., This 1is the same grouping
found by Taylor within hia generic Understanding construct. The highest weightings on
Factor 2 are for Instability, Complexity, and Variability, This again corresponds with
the grouping found for Demand on Attentional Resources., The highest weightings on Factor
3 are for Apousal, Corncentration, Division of attention, and Spare Mental Capaolty. This
in turn corresponds to the original grouping found for Supply of Attentional Resources.
This pattern is further oconfirmed by the grestest amount of total variance being
aocountesd for by the understunding dimensions, whioh is what would be predicted for a
predominantly rule-based task.

ANOVAs ware performed on the three factors derived from the 10-D S.A.R.T and on the
scores from the 3=D SART to test theipr senaitivity to the experimental conditions. Faotor
1 (Underatanding) was found to differ significantly aoross the representations used for
both the first and seoond attitudes., Faotor 1 msoras were lower overall when the HUD was
shown fipst (p(0.01). This 1s probably due to the subjeots' inexperience with the HUD
pitch soale reducing their understanding of it., Paotor 1 scores were also significantly
lower (p(0.05) when the HUD was presented second than when the Al was presented seocond.
Again thie would imply a reduced understanding of the symbology in the HUD
representation, which was unfamiliar, as ocompared to the muoch more familiar AI symbology.
Sgores for the Ol condition fell hetween the two other oonditions., High understanding
was not oxﬁootod with the OI sinoe ‘it Jid not requirs the same depth of understanding to
oomplete the task. An ANOVA on soores from the 3-D Understanding rating showed a similar
pattern of resulta with “ignificant differences between attitude reference systems cn
both the first (p(0.01) .nd second (p(N.001) representations. In both cases the HUD
provided reduced underatanding.

Pactor 2 (Demand) ahuwed a significant difference between the attitude
repreanmntations presanted second. The HUD groduood the highest scores while the CI
produosd the lowest (p(0.001). The HUD symbology would be expecbed to require highar
mental workload to use than the Al sinoce 1t was a unfamiliar to the subjeots. The OI
vwouid be expeoted to osuse the least workload since it did not require computation of
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relative attitude differencea, as with the other representations, but morol; a aontrol
input to achieve an attitude relative to the pilot's egooentrio position, or the 3-D
Demand soores, & similar pattern was seen with differences coourring only between the
seoond types of attitude reference. Again the HUD was found to produce the highest demand
and the CI the lowest (p 0.001). Neither Factor 3 nor the 3D Supply oonstruct detected
any aignifiocant differsnces.

These results are oconsistent with the performance data, where conditions in which
the ssoond presentation used the HUD symbology produced longer reaponse latencles
(p{(0,01) than those using the Al symbology. The shortest rssponaes timeas were produced by
the CI conditions.

DISQUSSION

It appears that the reduced understanding (and oonsequently higher workload)
groduocd Yy the HUD symbology sffested the tims needed to begin reocovery of the alroraft.
y providing a OI, whioch reduced the computational workload even further (by reducing the
nesd for understanding of relative attitude differences), then recovery was instigated
more quickly. Both the 10-D and 3-D SART scales appeured to be sensitive to thess
differences. Also, the construot groupings found by Taylor within the 10~D SART
reemerged lhoﬂinz the same olose ocorrespondence to his throe generic dimensions.
Further, fh provides evidence of the diaghosticity of the SART methodology for rule=based
tasks within she aviation ocontext.

STUDY 3 = WARNINGS OOMPREHENSION
INTRODUCTION

Kelmet Mounted Display (HMD) technology offers the facility for the presentation of
graphical warnings to the pilot at, or near to, his loous of fixation. These could take
the form of visual "ioons" or plctures of the warning situation present. The
availability of voioe technology in the aookpit also allows the generation of spesch
ioons or verbal warning messages for presentation. The aim of both of these types of
warning is to inform the pilot as quiokly as possible of the nature of the problem facing
him, thus allowing him to take correot remedial action immediately. Thus both speed and
depth of understanding are important for the pllot to underatand and aot quiokly and
oorrooeli.tntcarullty theory predioted that the use of integral bi-modal information
grclonen ion would improve understanding [11]). This study aimed to demonstrate that an
t:pgov;mlnt in understanding would ocoour, and that the SART soale would be sensitive to

&t change.

MRETHOD

Subjeots were presented with either Visual, Auditory, or Both types of warning ioon
demoribing real airorafrt 'Warning' (high priority/threat) and 'Caution' (low
pricrity/threat) situations. The Visual loons used wate gererated by Airorew as being
meaningful representations of those situations, The Verbal warning messages wers based
on the F/ALB Voloe Warning System and desoribed the same Warnings/Cautions as the Viaual
iacons. Whers both types of loon were presented simultaneously, the situations given in
each modality were always matched. BSu gnuel vere aaked to clasaify eaoh situation as
esither 'Warning! or 'Caution' and then to rate the threat associated with it, Reaponse
times wers taken from the onset of the verbal messages. They were also required to
aoomplete & 3-Dimensional SART rating for each atimulus, Twelve non-aircrew subjects wers
teated, all with normal hearing and vision. Training was given to subjeots prior to the
experiment to ensure that the situations presented would be meaningful to them.

RESULTS

TABLE 3. MEAN RTs and SART scores for modality presentation oonditions.

VISUAL AUDITORY BOTH

RT (sec) 1.84 208 1.3

S |oeManp 43,02 50.81 4397
A .
R SUPPLY 55.28 87.37 53,34 :
T JuNpERSTANDING 7M.7% 73.90 7476 '
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It can be seen from Table 3 thet the shortest response latericiss were produced by
the Visual 1oona (p(0.01), with the Both condition heing faster than the verbal icons
alone (p{0.0%5).Thim is contrary to the prediotions of integrality theory where the Both

oondition would be expeocted to show the shortest latencies. This may be explained by the
length of the voloe messageas introducing a& basaline inorease on RTa because of the
arbitrary point from whioh timings were taken. This was confirmed during dabrisf of
subjeots, some of whom reported walting until the measage waas completed before responding
even whon underatanding had been achiesved, This is further supported by the results
obtained from the 3-D SART moores. It oan be seen from theme that Understanding was rated
an signifiocantly higher for the Both sondition thus supporting the integrality hypotheais
(p(0,05), The Understanding rating alao ocorrelated signifloantly with RTa within
oonditions (r= -0.38, p(0.05), lmplying that inoreamed Understanding reduces RTs and that
bog:;antuondihion differencea in RTs are likely to be the reault of experimental
artifacts.

DISCUSSION

The results of Study 3 provide further support for the diagnostiaity of the SART
scale. The experimental task used was entirely ‘knowledge bamsed' and thus the soale
would be expesoted to show dirferences in Understanding scores. It can be sean that
variations in information quality produced significant improvements in rated
underastanding by subjects. These differences are small since only one pleae of
information was being presented (rather than the multiple sources found in & cookpit,
whioh would be expeoted to produce greater differences). The amount of welight that oan
be attributed to them is unfortunately reduced by the presence of & probable artifaat in
the Response Time measure. However, the signhificant negative correlation between
Undarstanding scores and RT's implies that the Understanding soale was providing o
measure of performance as predioted l.e, us understanding improved then the time needed
to psrform the taak was reduced, Further research will need to be conducted (uming more
oomplex multiple information sources) to develop a complete pioture, but it seems likely
that, where the design variable is understanding/oconveyed knowledge, then tha SART aoale
will have utility as a predictor of performance with that ayatem.

JENERAL DISQUSSION

The three studies described here provide support for the SART methodology. Prineipal
Components analysis on the 10-D SART data, for both of the first two studies, revealsd
very similar construot groupings to those found by Taylor. These sesm to correcpond to
the dimensiony of Dsmand on Attentional resources, Supply of Attentional Resources, and
Underatanding. Thim is further confirmed by the inclusion of these ganeric dimensionns an
o 3-D SART implementation. The oloss correspondence between the two souroes of data add
validity to the sxintence of the 3D SART as a meaningful scale. Further, the pattern of
the relationships between the SART data und the perfoPrmance data also support the three
dimensional interpretation of the SART scale. Thus, although the definitions of the
three gaherio groupings should not be regarded in any way as absolute, they do provide a
useful, low=intrusive slternutive to the more time oonsuming 10-D SART.

Thesw studies alsc whow that SART can have utility for predioting performance on
nkill, rule, and knowledge=hased taskn. For skill-bamed tarks, it is likely to provids
the greatest senmitivity through the Demand group of oonstruets, whilst for rule and
knowledge~based tasks the Undermtanding construots are likely to beoome mors important.
The utility of the SuPply oonstructs as a dilagnostic measurs did not become apparent in
any of the studies, This may be sinoe the time span of saah was short and thus did not
highlight differences in supply of attention. Such measures may bsoome more relevant
where the pertod over which aupply of attention is required is increased, snd maximal
supply atrategles cannot be maintained, Thus supply cohauruota may show greatar
dlagnosticity when applied in the more demanding arena of extended real-time flight
tasks. Also, effectm suoh as boredom may be sensitive to the Supply domain. Further
research is required to identify acourately the role which supply is playing in pilot SA,
A better understanding of the relationship bLetween Demand and Supply may also prove
useful in the application of workload analysls techniques based on measures of
attentlonal demand [12].

The SART approach has mhown ltself to have utility in the Jderivation of a rating
teohnique dirently from the knowledge of thoase operators it was designed to measure.
Although the approsch was contrasted, amrlier in this paper, with other attempts to
def'ine YA, 1t mhould be noted that the results of esch may oombine to produce a bettar
underatanding of the ooncept. Considermticns of 'Schematu’ [1], 'Cognitive Style' [13],
and individual differences may prove umeful in refining the tmchnique. It oan be seen,
howevar, that SART can provide not only a definition of what SA is and what affeate it,
but also a potentially powerful tool for its measursment, More research is required to
develop a method of conjoint soaling for the SART dimensions, to allow the generation of,
perhaps, a single numerioal value for SA. This would provide a simple but meaningful
index of SA between mystems. There is also the need for validation of the moale within
the more ocomplex and dynamio setting of real-world aviation. It im likely to be within
this context that a fuller understanding of the ralationships between mcale dimensions
will be achieved. As the situation facing the pllot becomes increasingly uncsrtain, then
any shortfalls in the scale are likely %o become apparent., The ability to maintain self-
avareness suffiolently, under the extreme mental and physical pressures faolng the pllots
of military oombat airorart, to use a subjeotive rating soale accurately, may prove an
important considerstion in the application of SART in airorew systems deaign.
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ATTENTION GRADIENTS IN SITUATION AWARENESS
by

Martin L.Fracker, Major, USAF
Human Enginecring Division
Armstrong Acrospace Medical Research Laboratory
Wright-Patterson AFB, Ohio 45433-6573
United Statey

SUMMARY

A model of how people develop and mainteain situation awarsnesas weas explored in a
weries of four experiments, These experiments focused an the role of uttention allocation
in situation swareness, All four experiments supported the hypothemim that attention is
limited in aupply contrary to recently proposed unlimited supply theories. Unlimited
supply theories do not predict attention gradients in which more attention is allocated to
some things than to others, Spatial awarenesas datm from all four experiments ahowed that
more attention was paid to enemy mircraft that directly threatened the wubjeck than wee
paid to other aircraft. Experiment 2 showed that the resulting sttention jradient ateep-
sned as enemy number increamed: when sttentional demand waa increased by lncreaming the
total number of aircraft, subjects ssomad to increases the amount of attention paid to
direclL threats by reallorating attention previously paid to other aircratt. Experimentws 3
and 4 providad additional support for the resllocation hypothesis by showing that less
attention was pald to individuml neutral aircraft when the number of enemy aircraft in=-
creased--even though the taokal number of aireraft had not changed, These date suggest
that attention is allocated to objectw bamed on the degree to which they thremten or can
aanist the subject's task performance.

1, TNTRODUCTION

In a rapldly changing tactical situation, how uware are pilute of thowe facLorm that
should {nfluence their response decimlionn? When snguaged in adv-to-ulr combat, two of tha
more important gquestions plliots nesd answerm to include which aircraft are friend, foe,
and neutral (FFn). and where each alrcraft im ab any given momant In time, Anmwers Lo
these twn quemtions arm components of the pllot's aronount | refer to thewse
tomponenty an "FFN awsreness™ and "spatinl svareness”, respsctively, In order to improve
these two compohentr of # pilot's mituation awnreness, new typom of informatlon dtaplays
may be needed, But what should thase new displays be Jike? If u trinl-and-otror appronch
to anawering thiw question Ims to be avoided, a guiding theory uf wituation awarenemn s
nweded, Buch a theory would specify the psychologleal processes that underlio wituation
awareness, In two earlier urtlelew, | propused # thearetlcnl framework that focumed on
the role ol long-torm memory in malntaining sltustion awareness (2, 4), The present papor
in more nerrowly focusad oh a seriws of empirical mtudiew of the vole attentlion muy play
in sltuation sveranews,

Situution awereness muy begin when o limited "supply” of attentlon {8 dlintributud
ncrous the elements of a situation (10, 13, 15, 18, 19, 20), Becnume attention (p fmit-
ad, the person may allocate nore sttention to spme elements than others deponding upon tha
priority he nusigns to oach, Priorlties, in turn, should be determined by Lhe degrev to
which esch olement thrautens or conlributes to wuccewsful tiamk completion (compuare the
rols of salience in attention allocation discodwed by Wallsten, 175. If the eleventn of
the mituation are mircraft, the highost priority may be nsmlgned tm enemy aircraft thal
are nttacking the pliot, Friendly aircraft capoble of asmistlng the pllot may recmive the
next highest priority, Other nircraft whould recelve anly whatever uttention remslus
available, Thia differential allocation of o limited supply of attentlon la referied 1u
a® an pliention gradient.

Although tntuitively appenling, Wirat (B, 9) and Navon (12, 14) have rovently chal-

tenged the assumption Lhat the wapply of attention In bimived, ‘Uhaey have argued that
utlentional capacity ta virtually walimited and Chut apporent Himits 1o that supply ave
due to other factors, Hirst auggests that what w0 think of ns "attentlon s really nome
set of skillw needed to perform o purticular tosk, Apparent Inlts (n atleal fun nrlne

whon those needod akllln nre not adequately developsd. Navon helieves that seoming limitw
Lo wtiention appear when "wutcome confiictn” arise hetwoen components of a comnplex lawk
(cfyy %) In some waym, theme ammertions of Wirst and Navan are difficult to rofute
becuuse they have heen able to account for many of the empiricul dotu usunlly token to
support the Limdted supply assumptions What may be necded 1w o demonstration of attention
tvallocation, Reallocation nokes no senwe Lf the attentlonal supply s undimited,
Therafore, a demonstration of attention reallocation would gu o lung way towards wupporl-
Ing the Timited wupply ammumptiun,

The exporimenls reported here spocifleully exumined whether stlention is reallocatled
fram low- to high-priority alrcraft when the attentional domend in Increamed, 1n expori-
mentw | and 2, two indspendent elr-to-alr combat enpagements were shown, 1In esch enguge-
ment, one alrcraft was under attack from one or more enemy sircraft, Subjects controlled
the nircraft under attack In once of the enyugaments ("relevant™ enyugemant) while the
computer controlled the aircraft under attack In the other ("irrelevant” engugemeat). Tho
two oxperiments examlnod the effectm of (ncreasing the aggresmivenens (sxporiment 1) and
the number (experimunt 2) of enemy alrcraft on the mliocation of attentlon to Lthe two
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cngagenents, In oxperiments 3 and 4, only one engagement was presented, Two friendly
mireraft (one controlled by the subject) covparativaely engaged apveral conemy olrcralt, In
additlon, several neutral alrceralt were in the vicinity of Lhe engagement . Theso two
vxperiments oxaminod the el facts of enemy number as well an "strongln® of nn alrerafi’'s
tdentity as triend, foe, or uoutral on allocation of attention to tho (three entegoarior of
nirrraft,

2. LXPERIMENT 1

Bxperiment | tocused Pirst on whetheor spat Gl awateness woald veblect an attentlon
gradiont Lo which more atlentlon weuld be allocated to the reloevanl rathor Chan the friel-
evant angagement, Un additlon, the exporiment askod whether more attention would be paid
to vnemy sircraft whan Lhey wero nggresmive, actively smoeking oot and attacking the
triwndly afrcraft, rather than paswlive, altacking only when attacked, 17 more attention
iu nllncated as the degree of throat fncreascon, Lhen #patioal awarepess should ho more
decurate whon enemy alreraft aro aggrossive rother rhan parn've, Further, thin etioct
whould wvecur only within the relevant engagemont, nolt the v -elevant ones The reason o
that lucreamoed aggression In the [rrelevant ongagement does not threalon the snbfoct ane
so Ahould not atlract more atlont lun,  As » result, the attent Lo gradieat ahoutd he
Hieepar when anomy afrcraft are aguressive rather than pussive,

In order Lo meoamutre sapatlul awareness, Lhe bottle wos neeanionally Froven and sab-
Joeta were asked Lo Indlicate the spatlal locatfons of particainr alreralt (uoe 1y 4y 1),
Spatind awarcness waw dafinod os thoe magnilude »f subjocts’ orrors In responding 1o these

"location probes”,

Mot had

Subjecty ware 16 pald volunteors (rom Che Wright State Undveratfiy community, Al
subjocta had norma! color vislon,

"I 1 Q elvie

T ow oslmulntod ate battda, wnbfects contradled ane ot bwo Drdendly alirrafc, L h
friendly nivceafl wou Lndependonlly engoged (n vonbat with vhcen voony alrerntt,  The
vngagemant Involving the wubject's alrceaft Is vreferrod to ns the "rolovant" vopopoment
the uther i reforred Lo on Lhe "trrolovant® engagomenl, AL wirevall oxcepl |hoe
vubjuct'n ware cumpitor= controllods In une condition (Aggressive Enomyd, enemy aftoraft
sclively mought out und nttoacked the friendly afreraft, Do anothor condition (Masuive
Fnemy), enamy alrcrall atvacked only if atiucked,

Felondly atrcenftr wove ropresanted by bluw o frelod on the nervoen,  Thoe nubject s
slreraft wom an upon cirele whilo the ather frlendly wan o THHTed elrele,  LBnamy alverant
were roprensnted by squaves, triangles, and vrows=shapod wymbols,  Thowe attacking the
subjoct wore rad {n colort those atvacklog the other Iriendly were yoltuw,

Thern wasw o putentiul confound (n the Lask belwoun ungogement (relevanl vorsus
Irrolavant) snd wircrafl prowimity to the wsubject s aircenlt wymbol,  The conlouml would
occut 1t enemy alrcraft in the relevant engagement wern clomur to the subjuct's airerart
(him or her fucuw of attention) than were aiterube in tho trrelevant vagngement,  White
this confound 1w difflcult to avold entively, this expaciment was deslgnod to winiwleo 11,
Euch time an aircrafi was destroyed, It reapposrod at wown tandom locallon on the seovoen,
Because of the speed of the wimulation, sircrall from bolh ongugements wore conatantly
helng demtroyed, A a result of thisw vonstant destructlou couplod with ramden reloontion,
Individual alrcrafe Crom the relevant ongsgement were ulten no clunor Lo the wub joct than
vore alreralt from the Irrelevant ona,

Meagyurement of Situmtion Awurwuens

At 1 ndomly selected momentw, Lhe mimulation froru, During thin {1esve, the wubjoct
waa Lested on the spatial location of one of the alrcraft., Which alrcraft wan wolocled
for this tomt was random wilh the constraint that all weven niruialt (exceludlng the
subjuct's) tested during wach trial, The response messuroe wuw the wubject's erior on Lhe
aputial location temk, At the moment of the freese, one of the alrcraft {(referrad Lo aw n
"probe") dimappenred and then roqpruarod in & box et the bottom of the computer mcreen,
Bubjects uaed & Joywtick to move the aircrafl back to Its correct locallon, Subjects wore
abla to contral the aircraft's exact pixel location for this test, Locetion srror was
musaured um the Euciidian diwtance (in pixels) betwsen the saircraft and {ts true location,

bAuparatus

The |x¥|r1mont wam controlled by @ Commodore 128 computet using a Commodorm 1702
composite color monitor., 8ubjects controlled thelr aircraft with » standerd digitsl, two-
dimensionsl Joywtick hsving & fire button mountwd on the top., The sane juystick wew used
to respond to the spatial memory probes,

- -
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Half the mubjecta were nunignad tn the aggreasive enemy conditioni the reat were
nusigned to the passive enemy condition. Subjecta participated in the sxperiment during
three nesslons, sach about one hour in length, The firat session was simply & practice
aesnion, Data were collected during sesmions two and three only and then averaged acruanm
meenions priot to analysis.

Results and Diacussloen
Data from this and the following experiments were annlyezed using the moltlvariate

analysis of variance approach to repeated mensures oxperimentu! destgns (sce 16), Normal-
lzing and varimnce stabilizlng trunaformations were not used (see 6 and 7),

As predicted, Flg¥re 1 shown th:: t?u:o
wan an overall effect of engagement, F(2,13 -
= 8,27, p < U.,00%: (A1l roported mtatintice O = PASSIVE ENEMIES
are from a multivarinte analysiw of variance @ = AGGRESSBIVE ENEMIES
{MANOVA) approach to repeated neasures datm)
aep 16 for a discuusion of this use of MANO-
YA,) In particular, subjects' spatial awsre-
nemss was more accurate for anemy alrcraflu
atcacking them thanh for enmmy aircraft in the
irralevant sngagement, F(1,14) = 198,44, p <
0,002, This gradient weems to wupport the
liypothesis that sttentional prioritiea are
affected by the degree of threat powed hy
aircraft, Closer examination of tha figure
revenls an unwxpectad remult, If uttention
allocation is prioritisxed hawed on Lhe degran
of threnat gnlnd hy aircraft, then all alr-
craft In the irralevant engayement (three
enemios and one friendly) should have re-
telived thea samo amount of attention, The | \ |
roaseon Liw thut drrelevant epemy and friendly
aircerafy ate squally non-threstening to Lhe Foge FOR FRIEND
aubject., As a result, wubjects’ wpatial (RELEVANT)  (IRRELEVANT)
awarenons should have been unaffected by
whathoer the irrelevant aircruft wers friend
or foe, But this 1w not whet happened. AIRCRAFT (ENGAGEMENT)
Inwtead, spatial avwareness for the fr:ondly

urs : . !

:::;I::f ;?:.ng'_agtgs't; EHS?Of?r L%ﬁlu Fliuyre %. bputlnl.uwnronons by wngage-
result could mean that sttoention wnme wllocut« nentonnd oneiny agRrousivenond,
ed to the categorles of friendly and anemy
nireraft befnre 1t wam allocated Lo Individual alreralt within edach catepgory, Slunce Lhe
wnomy calegory waw larger, vhe amount ot attention paid to tndividund enamy aireealt would
then be lews, Expueriment 2 was, in part, an attempt to wee I this effact could be repl)-
catud

n -

(MEASURED WM PIXELS)
! ¥ I

80

SPATIAL LOCATION ERROR

Figure 1 almo shows thai the critical interactiun botweon aggressivencws and engage-
mont im miswing) that iw, the attention gradlient was unaffected by whethor onemy nlreralt
wars aggrensive or pumnive (p > 0.28)y Perhapm, knawing that an alreraft posen o direct
threat im enough to attract thu subject's full attention, Tncreaming the Intensity of the
throat awems to have Livtle effoct once the threat has been [dentIfied. luteremtingly,
flgure | indicates that opatlael awureness wam more nicurate when oneny nivreraft woere
nglr?lllvo rather than pesalvo, altiiough this offect wam nul wtatintically relinble (p >
0,21},

The main conclumion from experiment 1 is that the attention gradient prodicted by
the attentioh nilocation model exiutw, Although tho yradlent appesrn to be o funclion of
threat posed to the wub [ect, the experiment fuiled Lo produce svidones for resllocalion o
a limitod mupply of attentton, Without such evidence, thore Iw no wiy Lo he surw (hat the

spparent atlontlon gradiaut was due co difforentinl allacatlon of atieot fow palher than
wome an yet undefined mkl1l or oulcomo conilict, Lxperiment 2 wos undertaken tu sddreds
this need,

3. EXPERIMENT 2

Suppose that Lhe niamber of onemy afrveraft in pach engagement was (acreaned frum une
tu throe, If mubjects sllocale uttenlion on the hawlis of threal, then as enemy numher
fncroasen, spatinl awareness whould decrense for the Irrelevant npgagement mote than tur
the relsvant one, The resson {8 that more wneminy attacking the subject ipncroawen |he
leve! of throal Lo the mubject but move wnemlew attucking the other Friondly doow not, A
#oremult, mubjects whould allocate an Incrossed amount of attention {o the relevant one-
mies by "wiphoning off" atteutiun previously allocated to the irrelavant wigngenent, Put
snother way, the attentlon yradient whould gol sLeeper as enemy numher incronsen,
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Method

The method for experiment 2 was the uwane am that for experiment 1| with the following
changes, Firet, the aggressive- passlve enemy manipulation was dropped from the experi-
ment. Sscond, the number of enrmy aircraft in each engagement wss variad from trisl to
trial: there were three enamies in sach enygagement in one third of the trials, two ene-
mies in another third, and only one enemy in the remaining third. Twenty-twu subjects
received each enemy number cunuition chree times in a random order,

Results snd Dimcussion

Fipute 2 shows the same overall effect ~.f sngagement ween in expsriment !, F(2,19) =
13,78, p < 0,0002, As in the first experiment, subjecta’ spatiel awareness for relevant
enemy aircreft was more accurate than for irrelevant ensmy aircraft, F(1,20) = 28,70, p ¢
0.0001, But unlike in the first sxperiment, spatiel awareness for the irrelevant friendly
wae not reliably more accurastes than for the irrelevant enamiss (p > 0.23), although the
megns were in the same direction. Thus, 1t seens likely that the amount of attention
allocutod to the irrelevant engagement is simply distributed equally among aircraft re-
gardless of their category as friend or for,

As the number of enemy aircraft in-
creasad, figure 2 showa that spatial A:Irl- A «3ENEMIES
ness decreaned in accuracy, as expected,

F{2,19) = 51.80, p . 0.000l. 1In particular, O = 2ENEMIES
aprtisl awarenesa decreamsed when enemy number @ = 1 ENEMY
increased frum one to two, F(1,19) « 29,99, p
< 0.,0001; and spatiael awvarevess decreassd
again when enemy number went from twe to
three, ¥F(1,20) & 30,07, p < 0,000}, These
resulte simply confirm the common intuition
that lese sttentisn can be paid to any one
thing as the number of things to be attended
Lrncreanes, By tueelf, hovover, this result
does not mean that the -upply of attention im
limited, Tt may mean only that mubjects did
not develop some perceptual skill oceeded to
attend to several objects all at once,
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Evidence for a limited sttentfonal
supply Joes appear, however, in the criticeal
intersction between erpgagument and enemy A ! i
number. The gradient from relevant to irrel- roe FOE FREND
evant enemy aircraft appears steeper given ,
three rather than two ensm‘es, although the {AELEVANT)  (IRRELEVANT)
effect wam only marginall'y reliuble, F(1,20)
= 7,10, p < 0,10, In contrust, the gradient AIRCRAFT (ENGAGEMENT)

glvon tvo enemies wue the same as thet given

one {(p > 0,55), Eviduntly, when the enemy

number increased from ona to two, subjects Figyre 2, Spatial swareness by engage-
did not reallocate sttention from the irrele- went and enemy number.

vant engagement to the relevant coney rather,

they paid the same amount of attention to esch engagemoent aa before and simply divided
that umount acrome more a‘rcrafr, But when the enemy number fncressed to three, subjects
toock some of the stteation previously paid to the irrelevant engagement and reallccated (it
\0 the resevant one.

Aithough the interaction just described Jupports the allocatlion-by-Lhreat hypothe-
sis, the suypport s not as strong as one might like, Unfortunately, the interartion ts
weak. Ffurther, the asttention gradient did not yrow smteeper as the enemy number lncroasad
from nne to two. Une explanation for thiw feut way be that incressing the enemy number
from one to twvo nimply did not incieame actentivnal demand encugh to trigger e renlloca-
tion of attention from the irrelevant tou relevent engagemcnt, Logically, a tresilocation
should ovcur only Lf an increase in attention outsmtrips the amount of attention slready
allocuted, If tle overail deasnd on attention s Feirly low so Lhat there is nore than
eough sttention available, then « small increass in dewand may not outatrip the am.unt
already wliocated--but @ lavrge in~reane might. This line of reasoning wuggeats that a
atronger interaction might have been ulbvained if the overall demend of the rask for atten-
tion had boen grenter,

4, EXPERINENT 3

The previous tvo expuriments examined aillocation of attention to twe indwpendent
enyagement ¥, che relevant to the subject and vne not. Iu experiment 3, only a siugle
eigdgement wax used. fo this enygagenent, two {riendly saircrait (vne controiled by the
subject) rogaged etther one or three enwamy w.rcrafl, Iy addition, there wvere mevera!
neutral (non-combatant) alrcraft within the vicintty ot the engajement, Accotding to the
allocation-by-threat hyputhesis. must attentios whould by a'lerated to the enemy aircraft,
Put attention sho 1d wlmo ke allocated to the viher filondly hocause It con ssaint *he
subiject in deferding ageinat the enemien, Theretore, the preatcted atteanifon gradient i
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thist most attention is allocated to the enemies, sowewhat less to the friendly, and
least to neutral aircrafe,

Now consider what should happen when the enemy number incremses from one to thres.
Attention previously allocated to neutral aircraft should be reallocated to enemy aircraft
up to some limit. Beyond that limit, the amount of attention mllocated to cny ons enemy
aircraft should decresse. 1In order for thise reallocation to occur, however, the overall
attentionsl demand of the engagement needs vo be high, 1In order to increase demand for
attention, several sirulated surface-to~air miseile (SAM) sites were distributed
throughout the battlie area, If subjects alloved their aircraft to stray ovar one of thase
sitens, their aircraft was immediately destroyed, Further, in order to avoid a confound
batween enemy number and total number of aircraft, the total number of aircraft was held
constant by verying the number of neutrals, When there was one enemy, there were four
neutrala} but whan there wers three enemies, theare were only two neutrals,

The manipulation of neutrsl number meens that, as the enemy number increased, half
th attention previously allocated to two of the four neutrels could be resllocated to the
two udditional enemy eircraft) two neutrals are "traded" for two ensemies. Of course, thias
ona-for-one reallocation assumes that neutral and anemy aircraft receive equal priorities
for attention, Uf :nemy alreraft rece’'ve & higher priorvity than neutrals, then more than
half the attention previously alleocated to neutrals will be allocated to enemiss, This
unbalanced reallocation means that spatisl awareness for individunl niutrals should
decreame ap enemy number grows} that ia, apatial location error fur reutrals should grow
even though the total number of ajrcraft had not changad., A potentisl risk inherent in
this prediction is that a ceiling effect may sppear in neutral spatial location error,
That im, neutral location error may be mo large in tha first place that it cannot get much
laryer, In order to compensate for this risk, an additional measure of mitention alloca=
tlon was introduced.

As sul jects allocate more attention to a particular aircraft, the association made
between that aircraft and itw {dentity se friend, foe, or neutral should grow sctronger,
Later, 1f subjects are asked to indicate the FFN identity of a particular aircraft, hos
quickly they respond should be a function of association strength., Therefore, reacticn
time tu FFN probes shculd index the amount of attention mllocated to individual aircraft,
slower reaction times indicating that less attention was allocated, It lesms attention is
allocated to individual neutral aircraft when the snemy number is threoe rether than one,
then neutral probe reaction time should increase with enemy number,

The foregouing logic awmumes that aircraft-FFN association strength increases as motre
attention Is paid to the aircraft, Some independent test of this assumption im dewirablo,
One way of testing the asswumption ims to vary the amount of time that a particular nirvcraft
symbol is ansigned a particular FFN identity, The idea iw» that at-craft-FFN associntion
atrength whould Increame ovet time. Therefore, a manipulation of FFN asaignment durat!n
was introduced into the expuriment, On half the trials, the FFN identity of all but the
subject's aircraf. changed midway through the trial} on the other half, FFN identity
remuined constant, If association strenglh increawes over time, then the probability of &
correct responme to FFN probes in general should incrense. Thus, the prohability of =
ctorrect rosponse was expected tu he greater when FFN ldentity remained conmtant throughout
a trial.

Method
Subjects
Subjects were 24 patd volunteers Trom the Wright State Univeraity community, All
subjectmw had normal color vision,

lgsk Overview

In a wimulated sir batrle, subjects contralled oue of two friendly atrcraft engaged
in combat with wither one or three enemy afvcratt, I1f there was only one enemy uircraft,
then there ware four neutrals; but {f there were throe enemy atrcraft, then there wers
only two neutras«s., Aw @ result, the number of alrcraft In the battle was held conmtent at
seen, Al aircraft excepl the subfect's were computer-controlled. Each aircruft was
reproesented by its own uniquely ahaped symbol, Friwendly ailrcraft were blue in color,
enomy uircraft werw red, and asutral aircraft were gray, In one condition (Conmistent
FFN), which alrcraft were friend, foe, or neutral was consistent throughout » trial, In
another condition (Veriable FFN), the tdentity of each alrcraft changed randomly at ran-
doml; melected tines during each trial,

As in oxperiments 1 and 2, each time un aircratt was destroyed, it reappeared ut
wome random lucalion un the sereen, Becaure of the wpeed of the wimuiation, both friendly
and enemy aircraft wore conatantly beinyg destrnyed, Am a1 result of this conwtant destruc-
Lot coupled with random relocation, individusl friendly and enemy aircraft were often no
closer Lo the subject Lhun were neutrul elveraft. Thus, the potential confound between
FEN fdentity and sircraft proximity to the subject's alrcraft symhol was minimieed,

fpatial awareness wes measured walng lucation probes in the wame way 18 in experi-
mentw | and 2, except that all alrcraft turned white at the moment of the freeze., This




[ [

vwas to prevent subjects from being able to "check" the FFN identities of the aireraft.,

FFN aircraft-sssociation strength was meamured using similar prohes that appesred just
before or just sfter the location probe (half the subjects received one order, the other
half the other order). The FFN probes worked this way. At the froeze, sll of the air-
craft turned white, and one of the aircraft disappeared only to reappear at thes bottom of
the screen., Threa lettars appeared above the probe (H, F, and I, mesning hostile, friend-
ly, mnd neutral, respectively), Subjects used a joystick tc move a pointer trom lelter to
lettar and pressed 8 "fire button" to make their selection, Subjects' FFN probe reaction
time was msassured from the onset of the probe display to the first movement of the joy-
stick, In addition, subject's FFN probe responses were recorded am either correct or
incorrect, The mircraft tested for spatisl location was not the same ae the eircraft
tastwd for PFN association, Which sircraft was melected for thase tente was random with
the constraint thut all six sircraft (excluding the mubject's) werse tested during each
trial, The response measures were arror on the spatial location task as well as reaction
time and parcent correct on the FFN itduntity task,

Appaxatus

The same equipment umsed in the first two experiments was used here.

Prosadurs

Subjects participated in the experiment during three ssssions, each about one hour
in length. The first session wvas simply a practice session. Data were collected during
sassions two and three only., During session one, subjects received all four experimental
conditions determined by the factorial combination of two variables: whether there wete
one or thres ansmy aircraft, and vhather FFN identity was consistent or inconsistent,
During sessions two and three, subjrctes received each condition three timem, Order ef-
fects were counterbalanced using & Latin squars,

Results and Dimcuasion

The results provide compelling support for the attention reallocation prediction of
the sllocation-by-threat hypothesis, Figurem 3 and 4 display the effects of snemy air-
craft number and FFN identity on spstisal error and FFN reaction time, rerpectively,
Interactions are svident in both figures, and both were statismtically reliable (sapatial
error, F(2,21) = 5,32, p « 0,014} PEN reaction time, F(2,21) « 7,05, p = 0.009),

© « JENEMIES . -~ © = JENEMIES
- = 1 ENEMY
Eg.o_.ﬂNw !gm-.
0P ge0 ™
£, I
g 5 0l ! 200 [
E 8o [~ E 220 [~
1 1 L i \
FOE FRIFND NEBUTRAL FOE FRIEND NEUTRAL
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!1!n:g 3. Sputial avareness by FFN type géﬂu:. 4, FFN probe resction time by
and enemy number, ¥ type and enemy number,

When there were three enemy aircraft rather than one, spatial error for neutral
aircraft increased slightly but unrelisbly (p > 0.41), euggesting either no change in
attention allocated to individual neutrals or else & ceiling on neutral location error,
The FFN resntion time date favor the ceiling effect interprecationt us enemy number
incressed, reattion times to neutral FFN probes increased dramatically, 7(1,22) = 14,28, p
e 0,001, Visual examinstion of the percent of correct responsss to FFN probes revealed no
evidence for e spwed=sccuracy trede~off (see Table 1). Thus, the increase in FFN reamction
tine meema Lo indicate a weakening of the sircraft«FFN semociation far neutral afreruft,
and thies veakening implies that less attention vaw puid to {ndividunl neutrals sv neny
number incressed.

Attention realliocation does not mseem to be the whule story, however., The FFN probe
tedction time and percent correct aleo seem to reveal » "resmponse preperation” effect that
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wan not (but perhaps should have bsen) snticipated, When there ware four neutrals (one
snemy), subjects may have bsen "prepared" to respond "neutral to the FFN probe., If so,
then reaponses tc neutral probes would have been famter and more accuraete than responsea
to either enemy or frilendly praobes--just ar seen In Flgure 4 and Tahle |, When there were
only two neutrals (three enemies), thls response preparation effect should have "flattened
out" vo that neutral reaction times and percents correct should have been more iike those
to enemy and friendly probes, As seen in Table 1, this flattening of the response prepa-
tation effect is just what happened to the percent correct data. But Flgure &4 shows that
in the reaction time datu, the effect did more than just flatten out} it reversed itself,
When thers were only two neutrals, reaction times were markedly elower to neutral probes
than to sither friendly or enemy probes, This reversal is what would be expected if an
attention reallocation wffect ware added to the flattening of the response preparation
effect.

FFN reaction times may slac suggest that the amount of attention paid to individual
friendly and enemy aircraft changed slightly as enemy number incresmwed, but thesa changes
were not statistically reliable (i > 0,17} sew figure 4), Spatial locstion errur for
enemy aircraft did clearly increase, howeaver, F(1,22) = 10,97, p » 0,003, FEvidently, the
amount of sttention reallocated to snamy from neutral aircraft was not snough tu maintaln
spatinl avareness at tha aame level as before,

Table 1. Percent of Correct Responsas te FFN Probes by Alrcrafr Type and Enemy Number

Foe Friend Neutral
Enemy Number
1 61 57 87
3 66 58 61

Figure 3 also displays the lgntinl awareness gradient predicted by the
ellocation«by~threat hypothesis. n both enemy number conditlions, apatial error for
nsutral alrcraft wau graater than spatisl error for the computer-controlled friendly,
F(1,22) = 49,97, p < 0,0001, When there wam only one enemy aircraft, mpatial erior wes
greater for the fruandly than for the enemy aircraft, F(1,22) » 4,%, p = 0,034, There
was no reliable differance in spatial arror for ensmy and friendly aircraft when there
ware three enemy aircraft, p » 0,13, Thuas, more attention was always allocated to enemy
and friendly amircraft than to neutral aircraft, When there was only one enemy, it re-
ceived more attention than did the friendly| but when there were three enemies, the dif-
ference in spatial awaranass betwesn friendly and snemy aircraft disappeared.

5‘11111. Percent of Correct Responses to FFN Probes by Enamy Number and FFN Conmimtency
rom Experiment 23

Coneistent Chlnging
FFN FFN
Enemy Number
1 84 78
3 72 LK)

A® noted aarlier, the foragoing analysis swsumes that aivcratt-FFN amsociation
strength yrows with incressed sttention, he FFN probe percent correct data shown in
Table 2 mupport this lulumgtton. Firet, percent of correct FFN responses incressed us
the duration of aircraft-FFN associstions increawed (that im, when FFN snsignments re-
mainad consimtent throughout a trial rather than when they chenged midway through),
F(1,22) e 36.352, p ¢ 0.0001, Second, FFN awarsness was better when there was only one
rather than three enemy mircreft, F(1,22) = 140.89, p ¢ 0,000l, Third, increamsing enamy
number incressed the detrimentsl wffect of re- aseigning FFN {dentities, F(1,23) = {7,84,
p » 0.0003, The first result indicates that aircraft-aswociation strength did grow
atronger as the duration of the sssociation incressed. The wseLuud end third resulcs
indica dthnt association strength was wvoaksned as the tusk's overasll demand for attention

5. EXPERIMENT &

The eriticsl lindtngu in experiment 3 vare as follows: as snemy number increesed
from one to three, spatial location srvor for neutral probes increassd slightly (dut
unreliably) and reaction time to neutral FFN probes nlowed down, Because the resilocstion
hypothesis is dependwnt on these results, 1 decided to make aure they could be replicated.
Accordingly, I repested experiment 3 with wight new msubjects and anulyzed the resulting
data independently.
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Muans from the eight new subjects sre shown in Tables 3 end 4, Table 3 displays
spatial error and FFN resction time means, Tahle 4 shows the percent of correct responses
to FFH probes.

%.h;g 3. Spatial Location Errors (SLE) und FFN Probe Reaction Timea (FFN RT) by Aircraft
ypa, Enemy Number, and FFN Conslstency

Consistent FFN Changing FFN
Fos  Friend Nautral Fou Friend Nautral
Enemy Numbar
1 8L8 24 69 63 41 52 70
FFN RT 201 218 203 223 16 186
3 BLE 61 L] 71 51 61 83
FEN RT 240 243 261 231 237 242

Considering firast wpatial error, the data from experimant 3 were essentially repli~
cated, but thiw time there was s complicating thres=vay interaction bstwesn snemy number
and FFN consistency, F(2,6) = 22,18, p = 0,0017., Wher FFN idencity wam consistent
throughout e trisl, the spatiel error data appesred in about the mame form as in experi-
ment 3t enemy number intarscted with FFN identity, F(2,6) = 4,96, p = 0,054, That is, us
enemy number increased, spatial location error for neutrals and friendlies was not reli-
ably affected (p » 0,26) while the error for enemies incressed, F(1,7) » 6,81, p < 0,04,
But when FFN identity changed midway through the trial, an increase in enemy number led to
increasen in mpatial error for both neutrals and eanemiest as a result, the main effect of
enemy number wams relisble (F(l,7) = 9,8}, p € 0,02) while the interaction with FFN identi-~
ty was not (p > ,71)., Why this three-way intermction appeared in this experiment and not
in experiment 3 is unknown, Perhaps it should be regarded am n “fluke". 1In any event, it
appears that the eswentisl feature of the spatial swarenasa dats from expariment 3 are
repeatablet am enemy number increases, spatial errors for neutrale increase slightly
though unreliably while spatial errors for enemy aircreft increase more dramatically,

An Table 3 shows, reaction timeas to FFN probes in general slowed down as aneny
number increswed, F(1,7) = 5.99, p < 0.05, Reaction times to nsutral probes slowed down
more than those to anemy and friendly Frohnl. however, praoducing a marginally reliable
interaction between enemy number and FFN identity, F(2,6) « 3.68, p < 0.10. Ao in the
main experiment, exumination of the correctnewss of probe responsnes by FFN category showed
that tha inceraction was not due to a mpemd-accuracy tradm-off, Thus, the second critical
finding of the third experimant aleoc appears to be repeatublet as enemy number increases,
the aircraft-FFN aswociation waakens more for neutral alr-raft than for elther friendly or
eneny aircraft. Note that the responsse preparation eftfect evident in the third experiment
was replicated as wall,

« Percant of Cotrrect Responses to FFN Probes by Enemy Number and FFN Connistency
from Experiment 4

Connistent ChanEinu
FEN FEN
Enemy Numbar
l 93 86
3 81 59

I"inelly, the three uffects observed Llun the FIFN percunt correcl data of the main
experimant wero alwo raplicated, agoin supporting the logic that alreruft-FFN association
atrongth grows ae the amount of attention allocated to individusl aircraft lncreases,
Firmt, FFN awarencas was better when there was only one rather than three enemy sircraft,
F(1,7) w 83,81, p =« 0,0002, BSetond, FFN uworeness suffered when aircraft PFN identity
changed midway through o triel, F(1,7) @ 24,19, p < 0.,0U4, 'Third, the detrimontal e(fact
of 13c83;1Itlnt FFN aswmlgnments wew aggtavated by increwasing enemy number, F(i,7) =« 14,81,
p = 0.009,

6, GENERAL DISCUSSION

The preseunt resulta support the two main features of the proposed attention mlloca=
tion model. FPFirmt, by showing that attention iw reallocated as Lhreat Lnlonlktg tn=
cresnes, the results support the hypothesis of o limited supply of attention. scond, in i
order to wlilocats this limited lu:plv of attention acrows alrcraft, subjects prioritine
alrcruft bamed on the degres to which thowe sircraft threnten or assist the subject, In |
ell four experimentw, the spatial awarwnems dats whuwved that more attention was paid to
enemy sircraft that directly threstened the subject than was patd to other alrcraft,

Experiment 2 showed that the resulting attentlon grodiwnt wtoepuned ss enemy number in-
creasvdt when attentinnal demand was increamed by incroasing Lhe totul number of atr-
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craft, subjects sssmed to incresse the amount of attention paid to dirsct threats by
reallocating attention previously paid co other aircraft, Experiments 3 snd 4 provided
additional wsupport for the resllocation hypothesis by showing that lesm attention was patid
to individual neutral aircraft when the number of enemy sircraft increased--even though
the total number of aeircraft had not changed.

To the extent that the date demonstrate the reallocation of attention am the threat
increases, the results support the hypothesis that attention is limited, not unlimited, in
supply (ecf., 10, 13, 15, 18, 19, 20), Of course, most people know from daily experience
that they assem to "run out" of attention if they attend to too many things at once. But
science and common intuition do not always coincide. Hirst's notion of attention am a
skill (8, 9) ia sufficiently flexible that one might imagine people acting as if thay were
allocating » limited supply of attention until they developed some necessary wkill, One
might test thim poseibility by giving subjects extensive training in the air conbat task
and seeing if the reallocation effect disappeared over time. But what {f the effert did
not disappoar? Would that prove that attention was not a akill er just that the akill
needed more time to develop? It is just this flexibilicy in the attention-as-a~ mkill
hypothesis that limits its usefulnews am & scientific theory-~a criticism thet has alse
been laveled at limited capacity theories of attention (8, 9, 12, 14). In any camse, the
results hers are at least conaistent with limited cepacity theorism and seem difficult to
expluin from other theoretical points of viaw,

Apart from general support of & limited capacity model of attention, the results
specifically support & model in which a limited supply of attention is alloceted to task
elements according to their ability to contribute to or thresten task succeas, Spatial
awareness in the simulated combat tusk was best for enemy aircraft that threatensd task
success, somewhat poorer for friendly sircraft that contributed to task succems, and
poorest for neutral mircraft thet had little impmct on task success. Although this dife
farential allocation of attention ims not really murprising, it may holp to explain some
things that are surprising. For exampla, consider the Iranian sirliner inadvaertently shot
down by the USS Vincennes during the Iran-Iraq War, The ottention of Vincannas personnol
was sllocated to forcem that directly threstened their asafety, No sttention was allocated
to the fact that a civilian airiiner wvas in the sres. When the airiiner was detected on
radar, it was confumed wivh & hoatile aircraft partly because the informstion that would
have identified it as neutral was ignored., From the viswpoint of the presant attention
allocation model, this neglect of neutral informetion was completely praedictable, In
order to prevent similar occurrences in the future, somathing is ¢ded to coutliter the
natural tendency to ignore information about neutrals during comb Unfortunately, what
that something may ba im not yet clear,
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ABSTRACT

The MMA Joint Venture (MMAJV&Ic a coliaborative ressarch projeci between British Asrospace, Ferrant]
Defance Bystems, GEC Avionics & GEC Sensors, Secratary of State for Defence (RAE) and Smiths Industries
Asrospace and Defence Systems. The Joint Venture is a thres phase programme, the objectives of which are to

(i)  establish the functionsl requirements and feasibility of a device(s) such as the MMA,

()  toprove the techniques for sccompllshing this in & rapid prototyping snvironment and producs & aet of
functional speciiiaations,

() 1o optimisa the MMA functionailty and deveiop the MMI on u real-time Mission Capable Simulstion (MCS).

With the ever-increasing trend towards complex Integrated avionics systems and tha increased level and
capablity of threat anticipated In tuture hostile scenarios, the requirement for the pilet of the single-seat alraraft to
mu:lmlu his sttuational awsreness at all times must be one of the prime issues In driving the developmaent &f suzh
systems,

This paper outlines the requiremaent for the MMA and Introduces the major functional areas of sensor fusion,
situation ansessment, dynamic planning and the Man-Machine Interiace. The paper alsc dircusses some of the
Human Factors issuss associated with the introductian of an inteliigent Mission Manageinent Aid (MMA) and the
increasing need to promote shuatiunal awarensse. [ssues relating to the design reqiirements and svaluation of such
ayatams are also discussed,

1 INTRODUCTION

it is undoubtedly true that the operational requirements for futiirs military avistion, and especially the future
single-seat fighter, are becuming PDTI“INON more demanding. Traditional roles are being extended and the
soenario in which ajroralt will be required to oparate is likely to be characterisad by increasingly hostile and capable
threats. n an effort to mest this requirement avionics systems are becoming Incmolnqu sophisticated and Inte-
grated ':nmho pliot I required 10 manage these more capable systems in an Increasingly ditticult and unpredictable
scanario (1),

In contrast to thuse requirements we seam 1o hear mora and more about the fallures of sophisticated and highly
integrated systems not so much because the system falls to tunclion, but because it does not produce the psriorm-
ance expected of k. Under thess condltiona the pilot (or operatur) ls often clied as a major or contributory factor In the
{allure and the net result le a loss of confidence In the overall system.

In reality this may ba as much a reflection of the design pracess as an Indictmert of eithar human or oparational
aspacts and it s in this ssnas that the mzulromun! for 'stustional awarsness' is a fundamental aspect of system
desige. Unlase the designer aan identify the requiremaents uf thwmm oontroller - the pliot - kt is difioult o define
the detalled functional specitications for a device such as the MMA,

We may define situational awareness as the pilol's overall appreciation of his qurrent ‘workd, This implies
both sensory processing and lnimnolng on the part of the pilot sinoe his appreciation of the ‘world' will be determined,
in pan, by his pravious sxperience and nawlod'fo. An awarenans of his own stete as wall as the state of his aireraft
systems, stores, oto, and the currert mission akuution are all components which contribute to his averall situational
awarensss. Situation awarensss i, in this sense, a Gestalt which Is greater than the sum of the parts. An implioation
of this is thet & ie ditficul to measurs as a global mstric and ls limtied In ke utllity as & too! to :rod rormancs,
Inclaed, this ties in with reailty, K Is diffioult, even for the pilol himeslf, to prediot situatians which wil result In & loss or

ial loss of situstional awareness, A number of factors such as un Individunl pilots lumplblmm various siress-

taska/incidants, his physiiogloal state, current level of iralning, ete, will all affect the way In which he nilccates his
stiention and the amount of resource that & prnhullr siuation demands, This, in tum, affects the speed and
aoauracy With which he perosives the werd, Indeed, such ls the dynamio nature of suational awarenses that it is not
clear that the same loes of shuational awarensss would soour in suocosssive and identica! misslon stiustions,
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Navertheless, .:lbll rm Incraasing importance on thair ablilty o maintain an overall atuational awareness and
there is an undoubted requirement to understand what factars 9 to this state, to Klentify their relative import-
ance and thus to snsure that the avionia system anhances the pliot's siuational awareness at any instant in time.
This, In turn, reflects on the design process. There is a fundamental need 1o understand what information (as oppossd
to datal) the pllot needs in a partioular mission context, how that information s percelved and how it contributes to his
overall stustional awareness, This puts the emphasis in the Initlal design processes, at least, on the user require-
ments - & pliot orlentated approach.

2 MMA APPLICATION

The overall cbjsotive of the protozzlno aue ls 1o demonatrate the major functions which contribute ta the
concept of the MMA in an Integrated fashion, After oonsideration of a number of possible missions and sosnarios
was decided that o most fully exercise the MMA's fumtlonlln&ho Inktial prototype should operaie In an airto-ground
role although the capabliity to carry out alre-air missione will be inogrporated In & iater phase, In the alr-toxground
soenario the MMA will carry out ssveral missions within the eurrent NATO structure and demonstiate ks ability to
respond to intelligent hostile threats. These are primarily OC/VGAA (efensive counter-airoounter-alr attack) and Al
(alt interdiction) missions.

These missions are strike missions againat some atrategicAactical targets such as alrfields/alrcraft, FOFA
(follow-on force attack), command and oontrel centres, sta. They are ideally catried sut by a small group of alroratt
and are simliar In that thay are principally steakhy missions demanding minimal use of sctive sensors, cacparation
batwasn alrcratt, and & high degres of pre-planning of all misalon phases to and from the larget. The imponance of

roup operations In future soenarios is unquestionsbla and an imponant urool of the MMA's operation will be 1o
dnm"m wlﬂ; other MMAs fo allow intalligent target handoff, attack sequencing and communal planning of resource
sployment

The soenarios are based on a 100 X200 km gaming area located in the European Ceniral Region and it ls
intended that the MMA should demonstrate the abllity to produce a single view of the oulside world through its ssnsars
und & mission plan(s) which ls capable of inspaction. (n addkian, the MMA will demonstrate the ablllty to ‘repair' the
plan as a funetion of information updatas of unforessen svents.

3 FUTURE SYSTEM REQUIREMENTS AND THE MMA
histioated system design and development often progresaes through a loginally ordersd series of phases

8o
oach of wgbh bullds on, and (s more detalled than, ts predecessor « & top down approsch [2,3), From Initial conospt,
therefors, the deaign and development proosss generally prooseds as In Fig 1.

- Objec*vn

e Functl&nol Decomposition & Specification
 E—— Mlulo* Analysis/Task Definition
e Man-éachlne Authority Allocation

————® Definition of Information (Display)
and Control Requiremaents

> Evaluation

Fig1 Typloal design process

In practice this ls t‘pbuuy an Reratlve process where evaluation may result In a revisiting of any of the ste
sbove & (ae liustrated in Fig 1) - aven to the axter: that it may sametimes !nodlfv the ob]utw'?ol Y s
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% ls niso evident (4] that thia I not a complately tenable approach sinoe the impllsd dopandency of each stage
ow may ! only partiaily true, hpl‘:tdn%aun. for example, to predict tMﬂoﬂ on performance of
tllocating plot nuunmruw e unotions without an undsrstanding of the pliot information and conirol
mlnmomu This, In tm, may require significant evaluation or research. The lnldo%l:ldu of a Top Down (or

m Up) approsch are largely caused by the need for a ‘man-in-tha-loop’ system. Thus a flexible mbdure of
approached is required with a significantly greater emphasis on the Human Factors aspects of the system early in the
design process, This should result In & product which has a greatet prospect of satistying the customer's neseds and
also minimises the terative design/redesign process. This approach is reflected in the MMA design proosss.

4  MMA CORE FUNGTIONS

Racognition of the nead for a more pllet-oriantated approach haa heen embodiad in the MMA in thet the Man-
Machine Intartace (MMI) develapment has basn identiied a4 & geparats activity whioh can procesd in paraliel with the
n“oﬂho major functions. Thux the human faciors deskin considerations-are sean as important drivers inthe
design of the MMA Ksel rather than vice versa. Gonsideration of the MMI and information display requitements have
included examination of fundamental human factors aspects such aa the pilot need und benafita of processed sensor
information, peteniial problems associated with knowledge databases of tactios and nssessed threat vaiues, the dis-
piay of optional plane Including advios on iactical routeing, the use of resources, ete,

This approach has led 1o the production of a ssrise of Human Factors guidelines for the MMA [8] and to the
derivation of the four major functional areas, as illustrated in Fig 2, viz Bensor Fusion, Siuation Assessment, Dynamic
Planning, Man-Machine Intertace.

Thess core functions of thie MMA provide a tactical plan to the pliot, which ha may, wholly or panially, acoept or
reject, This tactical rlln Is designed to satisty the mission objectives. I addresses every aspect ef the mission and
ln visible to the pilot through his cackplt display sulte. Alternative (and presumably lsas favourabla) plans are rm
duced and displayed at the pliot's request, There are four main prooesses Involved in produclng this tactical plan,
Sensor fusion takes dada from a number of sources including the oin-board tactical database and combines # to
produce a single fused view of the out-akie worki - the Alpha soene, This is combined wih intelligence data from the
pre-mission brief database to produce an assessed view of the situstion - the Beta soene, taking nocount of the
objectiven of the current and future mission phases, This assessed view and the overall mission objectives are used
to produce a number of tactical options - the [pllnl (or gammas), Finally, the MMI function priortises the information
preaented to the pilot and manages tha displays and multi-function controls.

plisk's 4 seerw
plish Interregets
——————————— |
(11 0‘"“
SENSOR | “ "™ | smuwaton | A ™™ =g
FUSION B ASSESSMENT PLANNER PIM PLOT
. v}
ekl m
ebabae Inborrogets
- u-v?; poslt|envorrar ol
rash o warrlds
velnelty AIRCRAFT
sraEvs | "
e vl o Wt o

Fig2 MMA cors functions

4.1 Senser fusien

The sensor fusion function ls provided with date from the alrcraft senscr sysiemas, communioations systema,
and the tactical database. This information le In two stages to produoe an Alpha sosne, which is the view of
what the skorait oan see in the outside world, lagether
sansat fusion process ars cotrelalion and attribite fus

with associsted confidence Intervals. The two stages in the
, And thess are describad below,
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Garrelation invelvas the.corelation of tracks Into posifion, and where possible valocities, by the siignment ot
data fram sansors with differsnt aocuracies and diferent tamporal and spatial references frames; and the subsequent
cambining of tracks into & single rescived track with a confidence interval. Becandly, attribute fusion ls the identil-
cation of t:gm, using senacr data such as Radar or IR signaturas, slong with contextual and histarioal information
from the tactical detabase to separate and identity targets which are possibly spatially indistinguishable,

The output from sensor fusion is the Aipha scens consisting of a list of cutelde world ‘abjects’ with the
positions, valociies, assoclated conlidence intervals, identifications and status whers appropriate.

4,2 Situation assessment

The Alpha goenw is pasesd to the Sliuation Assessment function to produce a Beia scene, which contains a
threat-priorkiaed ilst of objects. Thia Is a muttl-stage procesa in which firstly the known friendly on are fikered for
separale procassing, as athough thay may not presently conatitute a threat, thelr presenae can Influence the cverali ¢
assesemant of the threat savilonment, : i :

Then, the remaining hostile and unknown objscts are avaluated for threat and target potentlal, This avaluation
results In Inherent threat valuss baing aseigned to thass ohjects based on identifioation of the threatRarget and its
ourrent relution to the MMA alrcrait {eg status), These threat values are an Integral (nﬂ of the Beta scene which ls
displayed to the pilot and are alse used in the planner In ‘ooating’ the proposed plan(e),

Thus, the situation assessmaent process resulte in a llst of objects which, In combinstion with the recognlsed
frisndly objects, consiitute the Beta scene. The output Bata scene (s of the same format as the Alpha scene, but with
the addition of a threat' value, priority ordering, and the masking of the uncsrtainty attached to the original reparts.

4.3 Dynamic planning

This Is the heart of the MMA which constructs tactical plans (Gammas) including a Gamma* option (the most
favourable gamma). The plans are bullt from the Beta scene Input, which provides the planner with the ‘eurrent
sluation', und from the miasion objectives provided bg.tho pre-tnission briet. The {inal Gamma* produced contains
much more than just a proposed route, for example, the proposed smploymaent of weapen and countermeasure
systems, and the three-dlinensional tactioal route generated by the threat avokianos function, which are fed to the
appropriate mircraft systems,

The Plannst constructs the tactical rllnl {gammas) in & data structure whose entries represent parameter
values for that stage of the mission and following that partioular plan, A search parformed thraugh thia structure,
unlng techniques appropriate for dealing with a dynamic shuation, provides the gamma®, This gamma® Is output to the
pliot for him 1o acoept or reject before being passed to the aircraft systems. The Planner also has responsibilty for
monitoring changes in the Beta scene and progress on the plan with a view to 'repairing’ the plan when appropriate.

The Planner evaluates options for an Attack/Dafence sirategy. These options take account of the mission
objectives, potential target and threat values and the current status of the alrcraft's weapons and countermeanures,

Small soale tactioal re-routelng In the air, for threat and terrain avoidance s incorporated at a low level In the
gamma(s). The output le in the form of a list of threat-avoiding waypolints for utllisation by the navigation system.

4.4 Man-machins (nterface

The man-machine interlace for the MMA is oentred around the Pilo! interfacs Manuger (Pth The PIM may be
oonsidered as a number of funations which 'organise’ the information required to be prasented to the pliot at any tims,

The core functions of the MMA will provide & wealth of Informatien rolntlnﬂ to the currant shuation, proposed
MMA actiona/sclutions, status of syatems and cues ta the J:Ilut. and the PIM will prioritiss this intarmation socording to
the plist's current objectiva. The Infarmation required for display s scheduled according to the pliot's ourrent tasking,
which will bs monitored by tha MMA. This soheduling function will sontinually ussess the allocation of task between
tha pilot and the MMA, and will diaplay the appropriate level of information,

Another important aspect of the MMI wil| be in ensuring that, apart from the level of information displayed auto-
matically to the pilet, he oan esslly and naturally access lower levels of information to explain, or quaily MMA adviae/
plans, sto. This will be partioularly important in the evalustion of the MMA, and in pilot training, In order o boost canlid:
enoe and acospiabilty of the system,

As deseribed earlier, tha pliot will be provided with an assessod visw of the outsids workd, the Beta scene,
provided from the situation asssssmant function, Overlakd on this will be the selected plan or gamma® and the asscol-
ated status messages and pliot action commands, However, the ability of the pliot to interrogate the system 1o & lower
lovel (og the Alpha mnohb ancept/reject options on the S:mmu‘. to ask ‘what i’ ty&o questions, and perhaps most
notably, to override the MMA are very Imporiant human faciors considerations for an MMA alroraft,

8§ HUMAN FACTORS DEGIGN OONSIDERATIONS

The has alreudy intraducad the notion that thare is a nesd for & shift In the design emphasls of sophistl-
cated and highly inlegrated sysiems fowards a ﬂbl-otbntmd approach and outiined the raasons for this shift, The
MMi s th of fundamental impertanoe io the MMA.
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The overall ive of the MMA is to increass the situstional awareness of the pliat (and thersby improve
overall mission effectiveness) by:

()  providing him with more complete and higher quality infarmation (eg fused senedr data),

{l) by presenting him with options for dealing with situstions using tvformation which he may not hava readily
to hand (eg tactical routaing optians),

(i) by mankoring/informing him of aituational changes and system trends as required (eg changing threat
status, projected out-of-limk system parameters).

The overall abjectlve of the MM s to ‘gmom the Information which the pliot needs in a fashion which |s resdlly
assimilated and 1o allow him 1o interact with this information in a way whioh is sppropriate and natural. This knplies »
oartain mn of muchine inteligencs, for inttanos, in the areas of displays management, automatic dispenaing of
expendable countermensures s, 1 also implies a requiremant for inferential procasses since the MMA should inter-
prat both the plist's current and future requirsments through a knawiedge of his goals (eg mission requirements at
various {evels), an svaluation of his needs (eg pertinent infarmation to maximise his situational awarensss), and
Interpretation of his actions (eg intentional deviations from planned tactioal route).

8.1 Situationa)l awarensse

This is one partioular area in which the MMA presents novel Human Factors ma. The information whioh s
baing pressnted to the pilol at any instant In time Is not aa predictable as has iraditionally besn the case and k s
ssssntial to ensure that this ‘machine-management' of the presented information serves to enhance the Situational
Awareness of the pliot rather than to doqrud- by pmmtlnq Infarmation whioh is unexpectad/not required or by
fh.h &Wﬁumor of the displayed information (eg revising the tacticsl rouie) withaut priming the pliot or request-
ng his nce.

Ancther aspect of thia problam (s that of pliot confidencs. Traditional lrum are pradiciable In the senye that
there {u littie In the way of intelligent avtomation, Under thase ciroumatancea 1t (a relatively simple to prove the system
and pilet confidence |s rapklly established, to whatever degres is appropriate, since system perfermance expecia-
tiona are wall understood. In contrast, the MMA will have & much larger degree of autonomy, Indesd, there will be
oouasions when the ?mm puts value J'udgomont. on data at tte disposal {eg dynamic threat assessment), Under
these oircumatancses & ls muoh mare difticult to establish pliot confidencs In the system since he is no longer sure of
machine parformance. Further, i he is o socept advice from the sysiem there will be times when ha will not under-
stand the ressaning which has led the machine to s current declaions, This is an important aspect of the develop-
ment and svalustion of such devices and (s considered In more detall ster In the paper,

§.2 Knowledge ellcitatlon

The process ef knewledgs sllotation has received much attention in recent years and nelther the eflent inveoived
nor the naoassity fur a formal ach should be underestimated. There are a number of levels of machine intelll-
snoe but knowledge elicitation is & fundamental Human Factore issus wheth~r we are dealing whh 'Artificlal
ntelligence’ or Intelligent automation,

intelligent automation refers to situations, such as displays management, where the kncwiedge gained by the
designer has been used In the design process to determine tha Hio avants will ceeur under a particular set of
aperational conditions. The number of parameters invalvad in satisfying some criterion is usually fairly limlted and
determined simply whan the parameter(s) are anabled of rench some threshold value.

Atificial Inteiligencs techniques, however, are typicatly oharacterised by the use of & number of 'rules’ or
complex conditionals which are svaluated to determine an appropriate respanse to panioular stustions. Theee rulas
are sther cantained as an integral part of the controlling sofiware or set aside in a rule bass (a8 in an expen aysism).

In the military environment there are at lsast three lavels of knowledge alickation, At the technical level the
respective technologlste are an [rAporant source of knowledga relating to present and future aquipment capabliity sa
that the machins oan qually dats it recalves with knowlsdge of both its own ln:roulblr snamy squipment, Alrcrew
are aiso an excellent souros of knowledge relating to operational issues and tactics 8o that the maohine can offer
advios based on its understanding of reasonable options, ete, A third aspect of knowledge eliciation in the proto-
typing of futura systems ls in the forecasting of the operator's role and how changes may impact system desin. The
Human Factors speciafist has an impartant role in this respect sinoe he has a good undsrstanding of the human pro-
cesses and the methods, both objective and subjective, for Inmlbltln“h.om. In addiion, his view of the operator's
role le not restricied by currant aperational or docirinal cansidarations, 50 thiee aspents are very complementary
and the Human Eactors area Is tha natural foous for this activity reflecting the inaressing nesd for a mare pliots
orientated design approach,

8.3 Man<machine autherity

The MMA will afect all the major avionic systems of future aireraft (ineluding the pliotl) and the relative leve! of
authorlly between the w and the MMA (or lts comparnients) is of fundaniental importance in the design of the overall
system, Akhough the MMI will be a arucial lssue in deteimining the sucosss of the MMA & more baslo [ssus, at least In
terms of the overall bo}rmm deaign, ls the man-machine relationship. Thus, & is anticipated that the ailocation of
function butween pliot and machine will be charscterisud by & os: ain degres of flexiblilty to oate; for shuatiana where
the MMA may 1elieve the piiot of a partioular task (or vice versa). An example of thia is the MMA Reflax Responss




o YT s e

748 ' '

function whare the MMA has the autherity to deploy oountermaasures and, ultimately, mancsuvre in response to a
threat ta which the pilot alther cannot or does not have time to respend. Alternative , thera may be ocoasions when
the pliot requires manual control cver m function which Is atharwise under contrel of the MMA, ag cockpit mading or
deploymaent of countermeasures, In any evant, there will be a need for some revaraionaty eapabllity at least untl! such
time as sutficlent operational experience has basn gained 1o prave the MMA's long term reliability.

The design of inherent flexibliity into the allcoation of function has obvious Imﬂ.llcmonl for the Shuational
Awareness of the pilot. How does the pliot know the current aliocation of function? The design of any such flexibillly
potentially means that tha pilot hus to keep & mental track of relative responsibliities, ideally, without any extra
cognitive loading. Such a feature may aifect his abillty 1o anticipate the actions of the MMA and reduce his Situational
Awarenass, for axample, immadiately foliowing an unexpected ction or messags,

8o the ssue of Man-Machine lmhomz is afundamantal (ssue In the deaiyn of an MMA and nlearly the pravince
of the Human Faotors specialist, The Jeint Venture is devoting considerable atfort to this aspect of the design and tiie
vonoepts embadied in the prototype design will be evaluated during the Mission Cupabie Simulation phase of the
programme.

8.4 The aliooatien of function paradox

In endeavouring to define the aliccatien of function betwesn man and machine It is cbvieusly important to
develop an understanding of the capablities of future aystems. Howsvar, & is aiso Important to understand the capa-
billties of the pilot and balance the strangthas and waaknaas of each. Indesd, the (svel of allosation of function may
wall affect the way in which information s preaented to the pliot (eg In he lavel of abstractness),

8.4.1 Lovels of task abetraction

In developing a ttrmgy for the aliooation of function, it s necessary to consider which tasks are besi sulted to
the MMA and which to the pliot, how the allecation of authorlty for these may be Influenced by the operational context
and the need for duplioation of funietion between the pliot and the MMA, In modeliing human parformance It is convenl:
og:it?“oonndor rformance based on difterent levala of activity or responss. These levels are often dascribed as
activities based on:

b

Knowladge
Inference.

(a)  Once skills have been developed through extansive tralning and practioe there is a natural limit to the
accuracy of that activily which s determined by factors such as human sensor psrformancs, reaction time, manual
dexterlly as well as environmental faciors such as 'y’ loading, etc, Fig 3a shows the typlcal reintionship bstweesn
procsssing resource and perfarmance and illustrates this natural limit to human performance which is largely
unatiected by Inoreasing the amount of rasaurce aliasated to i but which ean be slevaied to a degrae by practice.
This in pantiaularly oharacteristic of skill based parformance « It is generally overleatned, more or less instinetive and
does not raquire A qrr%n deal of high level cognitive processing. Typioal examplas of thase skilis might be flight control
or weapon aiming. “They are, howavar, ausceptivle to disruption from compaeting tasks which mnrwunuxpmodly
assumae & higher priorty, Unlike the machins, the human operator Is very dpmr al multiplexing betwean tasks. Where
there Is a requirement to multiplex, prooessing of ane task Is aften delayed until a higher priority one hae bean com-
pleted, In many cases the requirement for the pliot o multiplex niten results in & lower quality performarnce irespec-
tive of rasponse time. This is not normally the case with a machine,

Machines, on the othar hand, can normally parform these tasks with an accuraay which Is only effectively
limited by the resolution of the sansor data, powsrapesd of the processar, sta. For sxample, modarn alrcratt are
demonstrably good at flight control or lorrl‘n-iomwlnn taske, Although i ls difficut to demonetrate a machine which
(sarns In the traditlonal human sense (eg through practios) i Is likely that, unlike thelr human counterpar, their per-
formance will continue to Improve with fulure hardware/software developments (Fig 3b), Thus, machines are, argu-
ably, better sulted than pliots to tasks characterisod by this laval of activity ospscially where thare s & frequent nesd
tv multiplex between tasks,

(b‘ The naxt lsval of activily is that based on Knowlsdge or previous sxperisnce, Responses (o threals are

typically busad on the use of knawlsdge of :‘ymrm {og eifecis of countermensures). Humans are genarally good at

.d “lrm of activity, Paradoxioally, their parformance {eg reapones time) olten impraves with increasing amaunts of
ata,

Muchine performance, on the other hand, Is usually adversely atiected wih increasing data, incrensing the
knowledge held by the machine Invarlably increanes system responss time, In addition, the qualty of machine res-
ronu iu directly dapandent on the success of the Human Fuctars specialist in distilling the apprepriats intermation
rom the ‘expent' a~d synthealsing a represantativa rule set. In an application sush an the MMA, whete eanclusions
ate not aimply correct ar incorroct but may be bast estimatas, this activity i & cornerstone of the entire syatem,

(e) Inferencing in the sbliity to reach a decision or 1o take & course of uction based on incomplete date and
requiren som» level of rensoning er projection wbout possible outoomes or alternative solutions, Humans are particu:
larly good at this sctivity. |t Is the abillty to make a value judgement (sg 10 put confidence estimates on unoartain
data) which ls often critical In determining the success or laliure of a missicn and ia the primary reasan for tha

coniiued axistence of the man-in-the-loop. Once again, human performancs oten increases with increasingy
amounts of data.

" AT L
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Fig3 Man and machine resource-psrormance relationship

It Is afen ditticult 1o assess machine performance in this area since the criteria for the assessmant are often
uncerain, This point is developed iater in the paper, However, the MMA programme s particulatly conosrned with
rrototyplng & number of highet lavel functions whish require both knowledge and infaraneing. Inferencing is an
mponant quallty of the MMA sinae | may well have access to Infarmatian which Is temporally denied 1o the pliot or of
which the pliol has not taken suliloient mecount due to high warkload and a Iack of situational awareness. In addition,
machines are completely impartial. They do not sxhibit mental ‘sets' in the same way as is typloul of human process-
Ing which affect both the way in which information s perselved and the weighting it is assigned,

R I8 In this arem that the relationahip between the man and the machine ls most complex and this is reflscied In
tha |atention that the MMA shouid be a plict ald and not & manager. Thuas the MMA providas advies to the pliot, which
ha must then interpret and place his own vaius judgement on, uniess the situation dictates otharwiss.

8.4.2 Flexiblity and the allogation of funetion

Given that the Instantanaous workload will, at times, be such Kiat human perlormance will be degraded, there Is
vonsiderable potential bansflt to be gnined from the presence of a maching that oun minimise the averall workioad level

by:
(%) Increased use of intelligent automation sspecially In the systems managemant ares,

(b) the use of Ariticial Intaliigence techniques 1o monitor the overall shuation and evaluate options or
oourses of ation which, for whatever reason, the pilot may not tharoughly conaider auch that It can cus
the pliot or intervene wnen appropriate,
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N the warkioad leveltaak structure wers predictatile at every instant in time during a mission, and the perform-
ance characteristios of the human were known In detall, aliocstion of function would be a relatively simplistic task.
Unfortunately, neither of these are true. The Instartaneous level of workioad s not generally predictabie and therefore
there seems to be an Inescapable requirement for some level of dynamic allocation of function within & device(s) such
asthe MMA. This, in turn, requires the MMA (o be capable of inferencing and monitoring the everail situation whilst the
plict retains overall control undar most circumstances. In order fo carry out these functions the MMA has an Impliait
requiremaent to continuausly evaluate the current situation,

Although the allooation of authorlty over functians has to retain & degres of ﬂoxlbilng..h is envisaged that tasks
which may be adequately characterised by ‘intelligent autcination® would be most sulted to be allocated 1o the MMA
nllo,wlngt @ pilct 1o allooate more of his resaurces lo decision making bassd on s helgitened altuational awareness.
These higher level activities would %pbul take account of advios offered by the MMA, eg (n respect of alternative
tactical routes. Thus, the plict and the MMA form an interactive, integrated and complernentary relationship.

¢ MMA EVALUATION r

The problema of validating/evaluating Al software are well recognised, Although the software is essentially
daterministic its performance may not be predictable in a praciical sense In that the rules (or conditionals) which deter-
mine the outcoms of any partioular process are both complex and numercus. Traditional validation techniques are,
thersfare, often not very productive or sufficient. In addition, avianics systems such as the MMA will be providing
advice 10 the pilot in areas whare the pliot may not have sutficlent information to adequately assess the accuracy of
the answer or where there may not even be a 'correct’ answer (eg detalied tactical route). Successful Integration cf an
Intelligent planning ald such as the MMA requires the acceptance and confidence of the user and & is Impartant, there-
fors, to develop an understanding of the criteri by which the perfarmancs of such a device can be measured.

There are at least two levels &t which parformance of the MMA may be measured and we may refer 10 these as
* the functional lavel and the opatational lavel. In the MMA Joint Vanture thess correspond broadly to the prototyping
and MCS phases of the programma.

8.1 Functional evaluation

The functional level of svaluation (s concerned with assessing the degree to which the MMA software produces
a cotreat and high integrity response to any particular set of condhions. Tradhilonally this has required testing to
demonsirate that the various functions perform to the original specification. in the case of such a sophisticated
avionics system, howsver, it Is likely that the original specification will not be sufficiently detalled to allow an adequate
assesament in many respects.

in an oparational situation it Is likely that the MMA will have socess 10 Information which is not avallable to the
pilot at any instant in time. h is also likely that the pliot will have knowledge/expertise which is not known by the MMA
(og individual expetience). Under thesa conditions the MMA and the pllot form a very complementary pair whose
potential joint performance would exceed that of each separately, However, since it is probable that:

() the MMA will nat usually produoe a highsr quality plan than the pilot when he has the time, sxperience and
appropriate Information,

{ih the pliot will, on cocasions, not be In a poskion to svaluate an MMA solution, e whaen the pliot |s resource-
limked or does not have immediate access to spacitic information known by the MMA,

it s partinent to question what ls an acceptable MMA dacision. 1t is likely that thete is no clear-cut answer to this
quastion sinos the criterla are likely 10 be situation specific. For exainple, it Is relatively easy 1o determine whether the
system has moded the cockplt correctly under any glven set of conditions. it s much more diffioult to determine
whather the system has established the optimum three-dimensional tactical route to the target or aven whether t has
correctly ranked aliemative routes.

A possidle solution to this |s to invoke a system of parformance measuremaent based on criteria which accom-
modate the degres to which the output can be shown to be satisfaciory. To this snd a sst of criteria are praposad for
the acceptance of software such as required by the MMA which necessitates that i:

(1) has the required funetionality,
(2) ocreates 'vorrect’ solutions whersver posaible,
(3) provides the pilot with acceptabie solutions/options,

Thus, the software should axhibit the required functionality where & is posaible to uaisly specify this under
the range of operational conditions expected (eg cockpht moding). Where this Is not possible it is required that the
software creates ‘oorrect’ salutions wharever possible (eg production of a true Recognised Surface Picturs). There
will be circumatancas in which nelther of thess are possible such as when data is quaiified with a ‘value judgement’, ,
o percelvad dynamic thraat value of perceived cost of resource d ment such as countermeasures. Under these i
roposed use ol eaouoat) L i yBe of ephout | shoLl ba pORtERE 13 AP the Paroamenm o B

ne of reacurces), Using u 1o aptimiss the ance of the o
system and thersby maximise the confidence of the pliot in the ity of his machine. ;
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6.2 Operational evaluation

the pliat in the svalustion, This 8s un opportunity 1o evaluate the sysiem as a whole and (o optimise the
efficlancy in a variety of areas. The basic objective of ihis level of svaluation is to establish whether an MMA oqplppod
sircradt is more ‘mission effective’ than an airoraft without an MMA. A fundamental issue in determining the relative
m of the alternative vonfigurations is the relmiunship between the men and the machine and, at a lewer level,

o MM,

To this end the Jaint Venture will extablish a tisxibie reaktime Mission Capable Simulator %08‘ embodying the
MMA, The objectives of this simulation faciiity are to sliow the objective optimisation of the MMAMM

functions in a realistic eavironment and 1o investigate the relativa efficiencles of vatious methods of information
presentation and pliot interaction with the system.

in order for the MMA 1o parform in a realistic manner Rk will need to base its decisions on a knowledge of enemy
capablities. Thus, in order to plan the most efficlent tactical route It should have access 10 on-board databases
oonostning information auch as surlace-io-air missile site responss times, tactics and command and cantrel net-
works, The simulation, in turn, wili need to realistically modsl these aspects of the scanario (an incidentally realistic
sansor performance, eic) and a great deal of effort s being atiooated 1o the creation of such an adequate test hamess
during the sarly prototyping phase so that the functional evaluation is carried out under similarly realistic conditions.

At the operational level it is Imron-m to be able 1o evaluate the overall syste.. and this necessarily includes

Although there |s & large amourt of development work, which necessarily precedes this lntorfroqrammo phase,
the man-in-the-loop level of evaluation is progressively becoming a fundamental a of system development as the
level of system sophistication continues to increase. Indesd, it reflects the inoreasing importance of the MM, und the
relationship between the man and the machine In future avionics systams, and underlines the necesstty for a shitt in

emphasis towards a pliot-orientated design approach. -

7 CONCLUSION

Future missions are likely to be characterised by an increasing number of ccoasions which will seriously reduce
the probability of mission success uniess we can ensute that the pliot can react swiftly and efectively. This oan only
be achieved by ensuring that the pilot can maintain a high level of situatianal awareness which implies both an under-
nt.lnd‘;ng onf ':t.lo ourrent situation, the history which haa produced the situation and the implications for the futurs
missicn situation,

Under high workioad conditions thete is an obvious nesd for an MMA which can assist the resource-limted pilot
thraugh dynamic management of the workioad and provision of appropriste high level information/advice by monitor-
ing, inferring and planning.

The Integration of a device such as the MMA poses fundamaental questions relating to it operational validaton,
the man-machine interface and ihe relationship between the two. Indeed, there ssems to be an insscapable require-
ment for a degree of flexibililty in the aliocation of function between the pilot and the MMA. Bacause of the sophistica-
tion of this cluss of avionic davice(s) and the continued existence of the pilot-in-the-loop it is argued that nelther a top-
down nor a botiom-up approach 1o system design is adequate and the case has besn made for & shift in the design
emphasie towards a move plict-orientated approach,

The specification of such a system is difficult and It le less clear what performance is specifically expacted from
the system, This raises basic questions about the criteria for acceptable MMA decisions/solutiona and an spproach
10 this problem based on the degraa to which the output has besn ahown to be satisfactory has been suggested.

These issuss are an integral part of the MMA Joint Vanture pro?rummo. The techniques required by the core
functions of the MMA ara currently under development in the protntyping phase. It (s essential to develop an under-
standing of the performance of such a class of avionic system in an operational context and an essential step in this
direction is svaluation through a plloted Mission Capable Simulation. The Mission Capable Simulation phase will allow
ranl-time optimisation of the MMA/MMI functions in & realistic and intelligent air-to-ground (and oubu:‘uonﬂy an airto.
alr) anvironment. Using this approach It is anticipated that the MMAJV ramme will provide an Invaiuable contribu-
tion towards the development, assessment and pilot integration of sophistioated and integrated systema such as the
Mission Mansgement Aid,
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THE THREE-DIMENSIONAL STRUCTURE OF VISUAL ATTENTION
AND ITS IMPLICATIONS FOR DISPLAY DESIGN

by
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Brooks AFB TX 78235-4301
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Sunmary

The ability to dirsct attention toward far visual space while main-
taining good spatial orientation is imperative for pilots of high-
performance fighter airoraft. 1In actuality, thies task is quite
similar to that performed during such everyday activitiss as

reaching and locomotion. A theorstical analysis of the threa=dimen~
sionvl ?J-D) structure of visual attention and its involvement in
normal porcorf.uu activities leads to the vonclusion that far atten~-
tion is a) biased toward the upper right vieusl field, b) associated
with sacosdic scanning confined to the central 10 dagreas of the
visual field, and o) primarily utilised in performing “local" per-
ceptual processes. In properly designed aircraft displays, then,
far attention can be encouraged both by restricting loosl perceptual
analyses to cerxtain regions of the visual field, and by enabling
nt}i‘:u:c control to be performed using more “global® (ambient)
mechanisme.

Introduction

The constant need to transition between the near (cookpit) and far (out-the-window)
environments has historically posed ons of the most serious challenges-~both from an
optical and attentional perapactive--facing pilots. The major ‘near” task is to perform
the instrument oxoss=check, primarily to maintain proper aircraft orientation, while im=-
portant “far" tasks inoluie takeoff and landing, clearing, lead contact, and taxget ac-
quisition. Until recently, the transition process was made sspecially difficult bacause
both the pilot's attentional and optical foci were forced inward by the nasd to maintain
spatial orientation via ::ounl coekpit instruments. Two display concepts have
attempted to alleviate t transition problem: the head-up display (HUD) and the wide
field-of=view (WFOV) attitule indicator. The first of these is depigned to promote a
far visual focus by presenting primary flight information (attitude, airspeed, alti-
tude) on a ses-through display located at optical infinity. The second approach,
typified by the Peripheral Vision Display [1], is designed to facilitate the umse of
“anbient” resources to maintain attitude contrxol, thereby allowing the pilot's optical
and attentionsl foci to be dirscted distally.

Unforcunately, neither of ths above approaches has besn entirely successful in
solving the transition problem, First, the HUD does not produce an optioal focus
directed at infinity [2], nor doss it always result in a diptal attantional foous [3].
Several ressons have been put foxth as to why pilots' ascoommadation remains in the
vieinity of the aireragt during HUD viewing [2,3), incluling the HUD's bold symbology -
(vhich can be sesn even if accommodation is slightly displaced inward) and the effects
of the HUD frawe and windsorsen images (which are not st optical infinity and may trap
the pilot's accommodation at a reduced optioal distance). Also, ovclusion and parallax
aues ﬁ“n{ create the percept that the HUD is much closer to tha pilot than is the
outside world. Frinally, the failure of current HUD symbologies to allow the pilot to
perceive orientation ambiently [4,5) may force hias .%tcﬁtgﬁq foous to be deployed much
closer to the vockpit than to the outside world. s i8 iAmportant sinae, while
ueondin! to a foveated target, we ignoxre what is perceived to be the background aeven
when it is in th sape gptical plane [8).

On ths other hand, most conventional wide WFOV attitule d.l:guy- have proven to be
unacceptable dus to cookpit Ehyllcu constraints, s illustrated by recent flight tests
of the Periphexal Vision Device (7). Many of the phguuu reatrictions may be allevi-
ated By the use of helmet-mounted displays (HMDs), which can present WFov attitude
aymbologies in a relatively small physical arss, as well as an optlenl-tnﬂnit{ oym-
bologir res of "frame" sffects. but, even HMD tachnology may not completely solve the
transition problam without proper symbology design.

In addition to optical refinements, then, & solution to the transition problem xay
require a theoretical undsratanding of how near and far attention uzxe ordinarily de~
ployed during everylay tasks such as reaching and locomotion. The differsnces between
naar and far visual perception may purhaps be bsst understocd in the context of the
“focal-ambient® distinction [8). Por instance, humans and other primates gensrally

fixute and search for objeats located in g_%-pu« uun! S&!{.&m prog~
eseing, while continuing tn monitor reaching toxy behaviors in or near
(vhuu-otor‘ space in a mors wode. cunu::x to popular belief,
proconing uronuy during ) e pertor within the central
visial field at near didsparit

r ies, s0 that WFOV attitule hguyn may not be naceasary in
order to solve the transition problem. Indesd, it is arguable that a central display
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has almost as grut an effect on our postural control as an squal-area peripheral one
[9). Before discussing how a knowledge of near ve. far visual processing may be applied
to inetrument design, the nature of near ve, fux visual procesasing (and their associated
neural substrates) will be summarired below.

The 3-D Structurs of Visual Attention

Based on both theorstical [10) and empirical [11) studies, the structure of visuo~-
-runl attention in humans may be most accurataly modeled using a cubic structure,
with major divisions located along the Lateral (leftexight), vertical (up-down), and
Aepth (near-fax) azes. In a given dcrth plana, the fundamental (and arguably the most
efficiently organized) unit of spatial attention is the quadrant, with attentional fa=~
oilication falling off rapidiy in both the vartical and lateral directions [12]. The
quadrant (or cubia) structure also possesses an ecological validity, as oumrund by
the need to monitor arm and hand movemsnts in & spacific sector of the visual field
(i.0., the lower, contralateral, proximal visual quadrant) during reaching.

The 3D attentional structurs manifests several anisotropiss and interdependencies,
the most important of which is the bias of the near and far visual systems towaxd the
lover visual field (LVF) and upper visual field (UVF), respeotively {Hq. 1)« The bias
of the near system toward the lower visual £ield is predicted from the fact that peri-
personal {(i.e., visuomotor) space is almost exclusively confined to the LVF in primates.
The reverse bias of far vision toward the UVF mi serve to counteract the LVF bias of
the naear systam, so0 as to prevent sericus attentional and ocoular biases from ocourring.
Indesd, it has recently been shown that dtvcrgonec and convergence aucompany movement of
tha eyes intc the UVE and LVF, respsctively [13]. These tendenolss may explain why the
resting state of accommodation (whioh is strongly influenced by vergence state) is near
the sdge of peripersonal space [14], since this acoommodative distanve would be
assooiated with the resting state of the eyes at a neutral elavatiocn.

o
figure 1. The hypothetical 3-D FAR .,sﬁMWe
-dl woture of viml attention, NEAR l
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1t appeary that LVF and w’::““"m exhibit many of the psrosptual differences
expected of reglons biassd toward near and far visual space. For instance, a recent
theoretioal review (18] concluded that LVF processing is more global and ambient in
nature, co"upondin! to the faoct that we can perform various visuomotor tasks (e.g.,
resching and locomotion through visual terrain limediately in front of us) in the LVF
without actual'y devoting a great desl of focal attentional resources to them. A prin-
cipal reason why global perception is assouimted with near vision and the LVF is that
the images of the arm and hands are fraguently optically degraded, dus to the rapid
motion produged durin! visuomotor activities and the substantial diplopia and misaccom=
modation created by fixation on more distant objects (e.g., the object being reached
for). In eurn, this optical degradation mandates that the pexception of form and motion
in near vision be carried out vias guﬁgxguzg rocenses rather than analyses of local
contours (see Fig. 2). Conversely, processing is more detailed in nature, consistent
with the fact that images in far vision are typically smaller, siowsr moving, and less
retinally disparate, ar visual processing alsv requires foocal visual attention to a
greatar sxtent, since many aspects of obilat regognition (w.g., femturs intagration) re-
Quire substantial attentional effore [181].

Tha frinntpll. sgulomotor asystems used in peripersonal space are pursuit and vexs
gence, with the former almost always being accompanied by head movements. ‘Thess systems
4lso appear to be bissed toward the LVF [10,18], By contrast, the exploration of extra-~
personal space is achisved by means of sacoadic eye movements, which are biased toward
the UVF [17]). It further appears that the funotional visual fisld during object search
ih esxtrapersonal space is limited to the central 3@ degress, which also constitutes the
boundary for most naturally ocourring saccaies [18), aspecially those which are not
aorompanied by head movements.
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Figure 2. Examples of "local® va. "global® perception. The small

n (2) and the disks and lines in (b) require local vontour
analysis, whereas the l.ngo 8 in (a) #nd the illusory triungle
in (b) requirs that global correspondences be achieved.

The differunces between near and far vision are corrslated with Giffarences bstwesn
the dorsal (ocoipito=paristal) and ventral {covipitoetemporal) pathways of the primate
visual wsystem (Fig. :7. The dorsal system is specialised for processing in peripersonal
space {(e.9., global perception, visually guided reaching, pursuit and vergence move-
ments, etd.}, and ite neuronal receptive fislds are biased towsrd crossed (near) dispar=-
ities [108). The dorsal system is also dominant in vestibular procesaing, ons of the most
important sources of information concerning the position of our head and body in spacs.
In turn, this vestibular specialimation may sccount for the parietal lobe's greater role
in spatial orientation and visually guided egolocomotion ([19,20). OGiven the above func-
tional roles, it is not surprising that the atventional system medianted by the dorsal
system is biased toward the LVF and perlpersonal spacs, based on an analysis of the
‘neglect" syndrome (19,211,

Pigure 3. The hypothetical repre- wert
sentation of near and far visual
proceasing in the Tﬂuu brain.
The dorsal system is a) involved
with near vision, b) specialimed
for global /ambient processing, and
o) blaped toward the LVF. ]
ventral system is n) involved with
far vision, b) specislized for
lomal/focal proauu.:g. and o)
slightly biased toward tha UVP.
The "LVF® and “UVF" markings
indicate the repressntations ot
elu: ragions in primary visual
cortex.

Converasly, the ventral system is specialized for processing in extvapsteonal
space-~-g.¢., visual search, local perveptual functions, color analysis, and object and
faoial rnaogn.tnan £10]. 1lts neuronal receptive fields virtually always inclule the
fovea, are dopsndent ou the animal's center-ofegass, and possess narrow disparity tuning
centered around the plane of fixation., In contrast to the attentional neglect which
results from parieta) lobe damage, the ventral system ig hypothesised to exhibit a
reverse sttentional bias towaxrd the UVF [1B].

In most humans, near and far visual ;{neu may be further subdivided into the right
and left hemispheres. This may explain why the right hemisphere uses a moxe global
procauing strategy than doos the left one [21]. ‘Thers is much svidence suggesting that
the left hamisphers ia specialised for visual search and object recognition in extra=-
personal space [23]), while the right hemisphere is more crucial for vestibular ;;ooouing
and tha peripersonal attentional system that is bilased toward the LVF [10]. (For
example, the parietal "m%lcct.“ phenomenon is muoh morse lroqu-nng sncountered following
right=hanispheric damage [24)). #ince the left and xight visual flelds project to the
right and left hemisphares, respsctively, the upper right visual field may, thersfore, be
the moat favored location while neond!.n! to far vision, whersas the lower left quadrant
may Be most closoly entwined with near vision (ses PFig. 1),

In summary, near and far visual processing appear to bs ssgragated into different
neural pathways and hemispheres. Dorsal brain regions (uruinuy on the right side)
involved with near vision are spscialimed for ylcbal (amblent) prouessing, vestibular
functioning, and smooth eys movementd bissed toward the LVF. Convarssely, ventral brain
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regions (especially on the left side) dealing with far vision are mors involved in visu-
al saarch, object recognition, foval attention and othsr processes biased toward the UVF.
The implications of the above distinctions for cockpit display design will be discussed
in the naxt section.

Implications of 3-D Visual Attention for Display Design

As mentloned earlier,; the fundamsntal goal of cockpit diwplay technology should be
to allow pilots to direct attention distally while maintaining good lfltill ordentation.
Basel on the foregoing analysis, various design features that may facilitate this inter-
action are described below. Thase are aspecially applicable to HUD# and HMDa, whone
infinity optics are explicitly dewaigned to promote a distal optical foous.

First, displeys should be arranged in a ﬂsgnne format, as befits the 3-D structure
of visual attention. Those types of information which must be freguently checked and
whose processing requires focal attentional rasources (i.e., altimeter and airspeed
reaiings) should be flud in the up{o: quadrants, #o that the pilot can attend to them
without destroying his distal attentlonal foous. It should be noted that such an
arzangement is violated by ourrent moving=tape scales on the F=16 and other aircraft,
whioh sxtend into both the UVF and LVF. Ideally, the most oritical infoxmation
(altimetexr readings) should be placed in the upper right qusdrant, where fax viaion
appears to be most strongly biased. This ls pn:icuurﬂ true when tho manual control
of altitude (via the stiock) is assigned to the right hand, in order to take alvantage of
additional field-hand compatibility effects [23].

Second, eritical information should be limited to a maximum LS-deg radius sur~
round ing the center of the display, to coincide with the boundary 6% !hn sature usarch
field, (In faot, it ml{ ba desirable to xestrict most focal information processing to
still smaller eacentricities, depending on the sime and other characteristice of the
alphanumerio information in question.) Beyond 13 degrees, humans generally make a
combined eye and hesd movement that is uncharacteristic of our far visual system)
indeed, combined hesd-sye movements are rarely slicited from "far" ocoulomotor lunnlni
centers such as the superior colliculus in primates [26). The 0~deg dismeter ariterion
is particularly relsvant foxr HMDs that are physically capable of presanting alphanumerlc
information at muoh greater eccentricitiws., It is alsc applicable to the dimensionas of
the ovarall cockpit Instrument pansl, which currently exceed this Limit. One way to
égugietlcm lattex's expanss is via the use of geveral properly arranged multifunotion

T displays.

Third , the type of information presented to pilots should simulate that which is
naturally uncaun"{-ir' wﬁ%ﬁ'n ending to far visual space. In distal spuce, we gener-
ally sss smaller, slower movihg, colored forms rather than large, rapidly moving images,
and this is the type of information which oux far visual aystem is most adept at
provessing [128], Thus, altimeter and airapsed displays should not conta‘n & graat deal
of movement, even though some “"trend" indicators are desirable. The ability to use a
combination of alphanumeric information (e.g., in the upper right quadrant) and
motion/pictorial oues (e.g., in the lower left udrnnt? may further tap into different
inter= and intra-hemispheric attentional "pools' and thersby enhance pavallel processiny
over the entire display [27].

Fourth, ambient proceseing of spatial orientation information may be encouraged
aither b puuxng large attitude displays at more hexral retinal ecoentricities (a»
is possible for HMDa], or by ulln? gzibnl pexceptua xm alogies in gentral vision (as
would be required of current HUDs).” X8 discuseed sarllier, howsver, & conventional
display that is of insuffiocient total area may not promote effective attitude control,
even if presentsd peripheraily. Indesd, it may be far less salient than a centrally
Truonnd global display, such as the ona shown in Figure 4. This attitude

nd Loator-ayhich Le defined by illusory (global) rather than solid (local) contours and
is especially vivid when placed in motion=«resemblas current head-down attitude displayn
that are gensrally superior to the HUD rituh-ludcr in convnginq attitude information
[4), in spite of thelr suall siwe. It also ressmbles the global forms that axe best
processed by the dorssl visusl system [1€]. Deaplte its sse~through character (neces=
sary for HUDs and HMDs), the global attitude indicator im arguably as easily processed
as head-down attitude dilpll%l that are compossd of s0lid contours. Cexrtainly, the
similarity of its ahape to that of headedown attitude balls would facliliitate positive
transfer detween HUD and ilnstrument panel orosschecks.

The attitude Adsplay in Figure 4 alsn illlustrates another means of randering the
attitude resmiout more ambient. This approach is to use thoss preattentive cuss which
ordinarily sid us in locomoting along the ground (espscially in the LVF region just
outaids the contines of periperaonal g oaog. Such W ocuss include
relative motion flow, sime and ordentation, ail of ch axre va e in extracting the
shaps, valoelty and éi.lunu of objecta against & textured background [4], Ideally, a
diasplay synbology that depiots the airoralt's orientation ralatlve to the ground should
render the latter using real-world cues such as pourouv-. sise and texture gudinntl.
natural horisons, and motion flow. With nuht modiZications, virtuslly all of these
cuss can be incluled on current HUD pitoh~iadder displays without compxomising their
"ses=through' qualiey (4],
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Figure 4. A “"global® attitule display,
Tormed Dy illusery ontours. This
display also illustrates pra- - E
attentive, scologiosl cueing, ———— g ——
incltding & natural horison, pare - —— . —
spective, and sise and texture -7 -
1rumu (motion flow mot showm ). S~ L
Meproduced from [4].)

Finally, a inowledge of how the brain processes certain f.yrl of information sug-
gerte the type of g_gﬁm xame that should be incorporated into future attitude
dispiays. As discuss sarlier, the dorsal visusl system is the site ot both near visual
proces=sing and visual-vestidular interaction in the bBrain. While not striotly linked
to near vision, the vestibular sense contributes to many visuomotor activities because
of ite role in signaling the position of the body and head in space. As such, it also
serves to stabilisne the world, for without vestibular inpue, visuval instability and
“field-laperdence” aet in [28). Even though vestibular inputs (and dorsal brain areas)
are used to infer self-moticn in A stable world, the deplotion of orisntational
(attitule) information in conventional displays assumes that the woxld movas around a
ltltionux alreraft. This fundamenta) incongrusncy lies at the heart of the "inside-
out" va, "outside-in" controversy [29]). The inside-out perspective==standard on all USAF
ailroraft--depioty a stationary aircraft in a moving world (conforming to what is
transmitted by the retinal image), whereas the outside-in perspective depicts a moving
;iter:!t r’htlv. to a stationary world (conforming to the pilot's perceptual
axpex ience).

Fven though the attitude information on currsnt HUDs supposedly conforms to the image
of the outside world as transmitted by the retina, we 40 not perceptually stabilise it
becauss information in near vision is evidently not stabilised by the vestibular system
in the same way that far visual inputs are. 1In part, this is becauss of motion parallax
(L.0., velocity differences betwasn near and far objeats during head and body trans=
).ninnli, but it also derives from tho observation that vestibular inputs are not uased
to stabiline small, near objects that are contained in vehicles moving with us. This
finding ocan be easily demonstrated in the oculogravic and oculogyrali illusions, in which
cg:llxpn imuges ara psrceived to maove in ths same direction as the illuscry self=motion

Thus, the "inuidewout" perspective may be at fundamental odds with the natural
workings of our ambient viaual syatem, consequently directing important focal atten=
ticnal resources toward the attitude display and away from the out=the~world snvi:ron=-
ment. Howaver, the outside-in perspective should probably be linited to the roll axis,
sinces a) it is physically difficult to deplot 360 degrees of pitch in a small, central
display) b) tasks such as weapon delivery and lunding may demand more “conformality®
with the actual ratinal image in the pitoh axie, as aircraft roll does not affect the
relative linear positioning of target and airoraft; and o) the outside<in perspective
has empirically been shown to be more effective for roll than for pitch (31).

Conclumions

In summary, & solution ¢o the transition problem fmcing pilots may lie in an under-
standing of the way near and far perceptual and neural procesnses ars normally carrisd
out in humans. The most important olements in this interaction are the biases of near
and far visual attention toward the UVF and LVF, respectively, and the different types
of procunn? performed in these two different realms==global/ambient (near) vs.
local/focal (far)., Based on a theoretical model of 3-D attention. the follewin
represent important guidelines for dirsoting the pilot's attentin toward far visual
space. First, primary £light displays should, in addition to b. g collimated, sdopt a
quadrant format, with important alphanumeric information (airapeed and altimeter data)
presanted above the fixation point. Second, all alphanumeric and other information
requiring "focal' visual processing should bs confined to the centrul 32 degrees in order
to avoild those head movementas which momentarily disrupt the pilot's attentional focus,
and ahould not ba presented using substantial motien, fThird, attitude displays should
tap into more global or anbient processing bg a) requiring Peripheral visual ressurces
€0 be used whenever posaible, b) using a global format when the display is restricted to
central vision, o) embracing an ecoloyically valid, preattentive cuelng format, and d)
selecting a split frame-of«reference (8.9., outside~-in for roll), which most conforms to
the way vhich we perveptually stabilime the far visual worid.

Prueotxnpo dllpll{l (originally deaigned for HUDs) which adhere to these guidelines
are ghown Pigure §. The quadrant arrangement, ecological auein:. global attitude
format, and outaide=in frame-of-reference foxr roll are all apparent in these displays.
In many important respects, however, these displays do not r umx depart from pravi
Ous concepts or wven currsht symbologies. Preliminury evidence indicates that the

-
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outside«in version of these displays compares favorably to other current and prototyps
displays in texms of unusual roll=attitule recovery [32], and that thickened negative
pitch lines (simulating size grad.ents) are particularly effective in improving
disciimination of positive va. negative pitch attitudes [33].
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% ure 3. Promr.yg: HUD displays which follow the guidelines listed
text. A full-formut display is show in (a), while a decluttered
one is shown in (b). (Reproduced from [4].)
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ABLTRACT

Networkad cdats mystems such as JTIDS (Joint Tactical Informetion Dimtribution System) promise a
substentinl imcresse in the amount of {nFormetion mvueilable to alrcrew involved in air defence. Thiw
will include mors detailed information tregarding relative heights of hoatile end friendly airberne
unite, Such informatlon will be an important factor In BVR (Ewyond Vieual Rangs) air dafence
ungagements using mimsiles such am AMRAAM (Advanced Medium NMange Alr to Air Missile)., On the bumis of
paychological theory it was pradictad that a perspesctive display formet, would slicw a greater volume
utf eituational awareness dats to be shown intuitively than would be the case with a conventionsl plan
tormat, Specifically it should allow informstion regactding relative height to he more wesily
corprehendad,

A rsal time, coekpit bused, ait defence simulation wam used to compare pllot performence uaing o
perspective situationm! awarenmsas diuplay with performance with an equivalent plan view display, 12
mubjerts wers imstructed to wttack and destroy a constantly evading terget eirecraft thet had to be
distingoished from a nrumber of hostile mircruft. Performence meesucras mhowsd thet mubjects had more
difficulty in learning to use the perspective display. However once they were familiar with thim format
their results were aignifivently bettor than thoee achisved using the plan display. Theae reaults mre
g{nc\lmud with refesrance to requiremsnts for eir defence displeys in general and networked dats
isplays
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COUNTERAIR SITUATION AWARENESS DISPLAY
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U.8, Army Labora.ory Comnand
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SUMMARY

An alr combat display concept is proposed for Army aviation helicopter cvokpits. The
affacts of dhe choioe of the display siae, the display symbol sime, and the area of covarsge
a® & gounterair situation awarenems display are disoussed. The display shows the traoka of
airoraft about the host helicopter on a Planar Position Indivator (PPl) graph via the open
broadoast radio net of the division-wide air defense radar coverage., The display is usad te
alers the aircrew to the presente of airoratt in the area and cue to the loocation of enamy
threats for tho counterair role.

1t 18 aoncluded that with ths relatively small display sises used {n helicopters, an
agourate determination of the position of enemy threats during air-to~aip combat cannot be
made by an aviater from the PPI alone, It must ba interactive allowing access to detailed
information about a track of interest to be umeful,

INTRODUCTION

In early 18860, the Army indicated a need for a combined arms counterair approach to
ageomplinh the traditional air defense mission, In the summer of 1088, the U.8. Army
Tralning and Doagtrine Command (TRADOO) renamed the mimsion area that forms the hasmis for
developing ais defense dooctrins, training, ferce ssrusture, and material to the "Ceunterainr
Miasion Area.' Bince that tims, the name has been changed to the 'Aipr Defenae Combined Arma
Iniviative.” 1Inaluded in the Combined Arms Initiative are seven primary funotional areas!
infantry, ammor, aviation, air defense artiliery, field artillery, intelligence and
electronic warfare, and sommand, control, and communicationa. Air defense artillery (ADA)
im ttc key player. After ADA, the most significant acontribution will come from Army
aviation.

Thin means that Army helicopters will engage in air~to-ainr ocombat operations o help
defeat tha ailr threat., As a result, the Army intends to mount SBtinger missiles on some of
itd helicopters aurrently in the inventory,

I is envisioned that the Forward Area Air Defense OCommand, Control, and Intelligence
(FAAD C¥1) myatem, now being developed, will provide tha net required to link together ADA,
aviation, and other elements of the Combined Arms Inltiative. The key information to be
tranamitted is the relative location of f{riendly and enemy airdraft in the battle area.

Thoae hellocpters squippad with Btinger misuiles will vequire a coskpit display capable
of presenting FAAD menscr data 8o the airoratt. The information displayed is the 'ain
battle pioture’ as provided by the FAAD senascrs via the FAAD 0'! & The primary
purpose of this display is to alert and ous the airorew to tha pre and relative
lovation of air threats on tha battleftield. The display can also be used to designate
threats an targets and o hand over tarfets for engagement.

Heading, aivupeed, and altituds duta are available for each aircraft on the battlefield
detected by the FAAD sensers. In addition, bearing and range frem our own ainraraft to the
threst airerats and the time bo firdt launch san be computed by on-beard processors.

PURPOSE

This report desoribes the sir combat dispisy analysis completed by the Avistion Team of
the Aviation and Alr Dafense Division at the U.8, Army Human Engineering Lasboratory (HEL) at .
Absrdesn Proving Ground, Manyland., ¢ addres the iassues of providing an air combat
display fo» Avmy helieoptara. The work was in support of an Octeber 1687 request by \he
U.8. Army Aviation Center (UBAAVNG) of MEL to sxamine the iwsuen of dispiaying the FAAD
sensor data in the coakpit of Stinger-equipped helicopters.

BACKGROUND

In shie section of the repors, we deseride the FAAD 021 aystem, the sir-to-aip
shvironment, heilicopiers, misgions, and the taotics, an wel) as the role of aviation command
and consral, and the eituational awarensas requirements.
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The FAAD CU*@ System

The automsted FAAD C*I system, presently being developed, will consolidate airaraft
track information from an array of sensors within the division area: short rangs FAAD
senzors alony the forward division area, long range, high altitude Patriot adquisition radar
sensors in the rear Corp arsa, and the Alr Force's airborne warning and control aystem
(AWACS) . The coverage will extend over the division's forward and rear areas, and beyond
the division's forward-line-of-tpoopa (FLOT).

The information will be correlated and each track classified as friendly, enemy, or
unknown according to! eleotronic ldentification, friend or foe (IFF), aivaoratt performence,
known triendly flight missions, and flight patterns and actions, In this manner, the FAAD
uystem will distinguish friendly from hostile aircraft. When positive identifioation uf
friendly or hostile aireraft cannot be made, the aircraft is categorised aas unknown. The
FAAD mensora can also differentiate between fixed-wing and rotary-wing airarafi,

The remuiting aireraft Intormation (traok location, identifiocation, wing type, number,
speed, and altitude) is to be broadcamted pariodically, along with air battle status
conditions and alertm, battlefield geometry on an open net to the ADA fire units, the
aviation slements itnoluding the aviation tactical opsration centera, and air-to-alr combat
f1ight olements,

fituntion awarensds will be provided to the pilots of all Btinger missile-equipped
helicopteras via the Fnhanced Positicn Looation and Raporting Bystem (EPLRS)., This system
has been selected by the air defensme vommunity to provide the communication link for the
FAAD COFl network (Casper and Smoserba, 1088).

Air-To-Air Flight Missions

The aip~to-air flight misxions have not been fully defined, buil several types are being
considered, One mismion would be am mobile air defense elements helping to defend divigion
asdate aguingt snemy helicopter strikem behind the FLOT. 1In this ocase., an ain-to-air (1light
slement would ba veatored by the battalion's alr battle management officer Lo intercapt the
strike pompibly in conjunatinn with ground ADA elemanta.

Another task for an air-to-air team would be am edcort for any of the standard
helicopter migaions: aerial obseprvation to obaerve and direct fire support as well as
gather and report intelligence information, anti-armor strikes, air assault troop insertions
and evacuations, and sny air movement opasrations to relocate pesrsonnsl, muppliss, and
aquipment. The development of air-to-air actack helicoptera by the Warsaw Paot nations
necessitates the development of escort tactics for defense of these missions,

Alr-To-Air Combat Helicopters

The Army ja considering two helicopters in the currant inventory for the near term air-
to-air rolet the OH-20D, and the AH-84 Apache., The airaratts would be fitted with Btinger
heat-vaeking miusiles (Philips, 10688). A prototype varsion of the AH~64A gun ayatem,
coupled to & helmet-mounted display, is bein. devel pad for alose-in nir-to-air combat
(Buresh, Parlier, and Wilsen, 19088).

The Army is developing the lightweight, multifunctional, high parinrmancs, experimental
(LHX) | soout/attack awsault (SCAT) helicopber series. One version is expevted to be an
advanded zounte r fighter equipped with an early warning system, & situation awareness
digital map display, and air-to-air fipre-and-forget miseiles,

Other helicopter models being modifind or develuped for the emoort role by NATO forces
are the Freneh Army'e Qanelles and their succesgor, the MNelicoptere d'Appui-Protection (HAP)
version of the Franco-German combat heliaopter, and the German Army's planned BSH-1 (version
BO19B) for emcort and anti-helicopter dutiea (de Briganti, 1068).

The Noviet Mil MI-24 Hind=E sesault helicopter, amploywd by the Warsaw Puct nations, ia
reported to have an ainr-to-air capability (Harvey, 1088). The il MI-328 Havoo and the
projected high-spesd Kamov Hokum under deuvelopment by the Bovieta are reported to be air
sombat helicopters, designed snpecially to sheat down the U.B. AH-04 Apache atback
helicopters becausa of their sstimated 18 tanks to one heligopter kill ratio (Barber. 1987,

Alp=To-Air Combat Environmens

The antial features of combat batwaen helicopters aan be abstracted from known
experimenta and wimulasions. The U. 8. Marine Oorps' Aviation and Tactios Squadron No. 1 and
the Utah Army National Guard Attaok Helicopter Troop of the 1683rd Armored Cavalry Regiment,
parsicipate twioce & year in air-to-air combat training exercises using Bell AH-1 Uobra
gunahips squipped with AIM-0 Sidewinder heat-sseking miwsiles (BDarber, 1987, Tnlev, 1987),
In Burope, the Fiench Army's Light Al Anm (ALAT) has been atudying aiv-to-aip eomhus ton
:avorn: y;:::)u.xnl their Gaaeller sguadrons squipped with 28-mm cannon and Mistral missilem

annet, B

One Jesson learned from thess exercises i that Air-to-air aombat will be dominated by
vhe terrain whioch influenoces the tiight pasterns, the intervisibility, sn. the intrared




10-3

signsture. The combating helicopters will be forced to 1iy nap-of-the-earth (NOE) to reduce
detection and hostile fire. The NATO forces fly slowly and close to the ground, making
saxinum uae of terrain and vegetation cover #c as not to bte seen. In contrast, the Warsaw
Pact forces tend to [ly fast while hugging the terrain contours, using their speed to attain
sSurpris The actual speed at which the alreraft maneuvers will depend on the terrain. A
slow spued woule be maintained over hilly country with dense forest; maximum speed would bde
attained over flat, featureless dessrt. Caution would be necessary in pountainous sountiry
(Cannet, 1088).

The maxinum range % which anemy helicopters can be visually detacted depends upon the
tereain, iighting econditions, helicopter mize, and the optioa used. The detestion range is
tarther for an aviator who has been alertad and suad tn the losasion o1 the oppusing
atrerats, Lhen Vhe range (o0 an aviator merely searshing for opponantsd, Thae 4# -ivien of a
situational awarsnesr display to the coockpit alerts the aviator and cues him ‘he
direction to search for the target. It iz by facing the probable dirsstion - pproach of
the enemy that an aviator aan hope to mee the enemy bafore bdeaing ssen (Cannet M8) .

The aviator who detects his advevsary iirst, controln the angagement. Az stetad by
Canned (1008), ‘He has the chvioce of bringing his weapon to bear and firing as soon as he is
within vange; or of cleaing the range atill further and opening fire only when the enany,
finally detecting him, beginas to train his own waapon) or of masking himself bBehind terrain
and then cheosing whether to avuid combat, wait in ambush or uaneuver into the snemy's
rear.”

Once the aviator has identified the opposing helicopter as hostile, he must manuever
Pia ALPCraft to Bring the saemy inte the lethal aone ¢f his weapon system, The sholoe by
the U.8. Army of Btinger heat-sesking missiles az offensive weapons limits the lethal sone,
The heat-deeking missile has a pre-launch delay which may prevent firing when fighting low
flying helicepters in broksn tarrain. Furthermore, there is a minimum range belew which the
missile will not manuever, The mizeile requires high infrared radiation from the target in
order to allow Jook-on at leng range (Cannat, 1088). For these reasons, the pilot must
selecy his approach, espevially in broken terrain, and have the senemy in sight st & range to
sufficiently activate and fire the missile.

The evidenge suggestss shat o 'dogfight’ soenario involving aerobatia filight detwesn two
opposing he)icoptars is impractical. Helicopters will face several threats azimultaneously,
tncluding air detense artillery and fixed-wing airoraft as well as othsr helianpters.
Masking aansuvers will be more practical than aerobatics over the Eurcpean terrsin (de
Briganti, 1v88) .

Command and Control

The proper utilisatien of command, control, and intelligance i3 necessary for winning
the air battle, The maneuver commander must establish engagement measures against threat
helicepters and determine targe! priorities within his sector. The air dofense officer will
be receiving threat asrial target information from the FAAD O"! network., It should be thas
regponaibility of the air dafense officer at a canter location and level of command,
poasibly the maneuver brigade commander's tactioal cperasions aenser (T00), to catejoriae
and prioritise the intslligence information vraceived from the FAAD C®l network so that tha
mansuver commander can makes the right decision.

In the cese of aerial threat, the manasuver commander gould redirect an operaticonally
convrolled attack helicopter unit from LRkilling tanks to engaging the enemy heliaopters,
Once the order iw received %0 pursue an air combat role, the attack heliacopter unit
commander gould direct all airoraft to menitor the air defense net, thus aliowing everyons
in the f1ight to maintain situations)l awarsness and the capability to receive cuaing., Tha
aviation commander would maintain his command and control on the unit's internal
communicatians network (Casper and Ssosarba, 1008).

Situasional Awarensss Display Reguirementa

The cvombat aviator depends on the situational awaraness diaplay to provide information
of vaiue on the tackiocal etate-of~the=threat environment and his spatisl orientation and
position in that environment. The display mudt provide information in a format that is
useful to the aviator at each stage of target enjagement: alarting, cueing, barget
sealection, & otion of fire poaitions, target acquisition, identification, and sngage fire.
The aierting end cueing are performed on the display, perhaps in conjunction with the
avlcti:n command and condrol net. Target selection is made from ths dimplay or dictated by
cowmmand .

The selection of firing positions during the combat mission involves many factors. The
aviator must consider the threat (weapons, radars, number of threats), intervisibilities to
the threat, availability of terrsin masking, weather, distancs, fusl available, and
ingranan/ 8 roulea. The target acquisition is a visual process which orients the aviator
to the target from the display. ldentification and engage fire follow visual acquisition,
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DISPLAY ANALYSIS

In this portion of the report, we desoribe a multifunational oathode-ray tube (CRT)
combat display conaept for Army air-to-air combat hel)icopters. We considar two dimplay
tormats: (1) & far distance display for alerting and cueing, and (2) & near diwtance format
for sarget melection and acquisition,

Display Information Raquirements ;
General !

As mantsioned previeusly, the information displayed is she ‘sir battle pisturs’ e
provided by the FAAD sensors via the FAAD C°! system. The primary purposs of shis display
18 \0 alert and ous the airerew of the presence and relative location of air threats on the
battlefield. In addition, the display can be usrd te designate threats as targets and to
hand over targets for engagament,

Heading, airspeed, and altitude information is available for each airaraft on the
battletield detectad by the FAAD sensors., In addition, bearing end range from our own
airaraflt to the threat airoratt and the time to first launch can be computed.

Symbology

One of the earliest quastions became the selection of symboiogy to represent the
vrrious airoratt on the battletield. The FAAD sensors van differentiate batween fixed-wing
and rotary-wing airoraft. To a degrea, the sensors van also distinguish friendly from
hostile airaraft, When positive identification of triendly or hostile airoraft cannot be
mads, the airaratt is ostegorimed as unknown, Therefors, symbols representing frierily,
hostile, and unknown aircraft as well as ftixed- and rotary-wing aircraft are required.
Bymbology for this purpose is alrsady in use by the air defanse community and is published
in DoD-8TD-1477 (Department of Defense, 1083). The decision wase made t6 use the symbology
in DoD-87TD~1477 as a baseline to determine its suitability for a cockpit display. The
aymdology will be digousmed in the Aip Combat Display Ooncept meation of this report.

Area Of Coverage

The question about the area of coverage asks, if we have a onokpit display in whioch the
“own airoraft' symbol is located in the center, what radius or range from the genter should
he displayed? The anawer is related to the requirements for timely alerting and cueiny, To
deternine the area of coverage suitab)e for helicopter applications, an analysis of a
felected nission scenario was conduoted. The results of this analysis are presented in the
Approach section of this wneport.

Dimplay Hardwars Oharacteristiocs

Display sine and resoiution determine the effectiveness of providing meaningful
Alerting and cueing information. Becausa of the limited cookpit panel space available in a
helicopter, four display sises cre considered in that section: (1) & 3-by<3-inch display,
(3) a 3-by-8~inch display, (3) a 7T~by=7-ingh display, and (4) a O-by-O~inch displuy. Tha
resclutions considered ter thewe display simes are 38 raster lines per inch, appropriate for
7T-by-8-font alphanumeric aharacters, and 98 raster lines per inch, appropriate for detailed
aap graphice. Theas issuss are disounsed in greatsr detail in the Approach section.

Soldier-Machine Interface

For either of the displays just mentioned, provisions and procedures must be devaleped
that allow the crewmenmbers to interact with the air combat functions of the display. The
displays are used for multiple funotions, and it iz important that tha time and attention
required of the orew to interact with the diwplay be kept to a minimum. The soldier-machine
interfage way given only acursory attention during this effort because the primary emphamis
was on daveloping the display contens,

ANALYTIOAL APPROACH

This sevtion desoribes Vhe approach taken to address the insuss of area of coverage and :
symbol sise and i4s effect on the display as an alarting and queing aid.

Dispiay Area of Ooverage

To properly alert and cus the air~to-ai» avistor to the loostion of the snemy
helicopters, a proper area of coverage is needed, The display should gus the sviator far
enough in advance so that he ham enough time to seledd his tiring position and mansuver 4o
that position before the cnol{ reaches i¢. This analysis is based on a worst cass sosnarie
in which frisndly anti-armor helicopters are assumed to be engaging a nolumn of snemy tanks.
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A flight of enemy helicopters ia dispatohed to provide support to tha armored column, For
this analysis, it is assumed that the enamy helicopters are contour tlying at a speed of 186
knots. It (s also assumed that a friendly air-to-air helicopter team, armed with air-to-air
missiles, is providing cover for the helicopters attacking the tanks and that the ai:-to-air
helicopters will maneuver nap-of-the-sarth at s speed of 39 knots to an ambush site 8 km
away from the tank column to intercept the approaching snemy helicopters at a 80-km stand-ot{
vanga. At 39 knota, it will take 3.4 minutes to reach the ambush site. In 8.4 minutes, the
snemy helicopters travel 38 km. When the S-km distance to the ambush site and the 8-km
mtande-off range are added to the 38 km, it results in the Iriendly heliaopters requiring a
48-km slorting in onrder to reaspond, mansuver te the ambush mite, and enjage the enemy
helicoptera. Bamed on this worat sase analysiy, . an alr combat display with ~ur own aireratt
syubol locased in. the:center should provide at leasy & 48«kn radiud (89-by-84:km area of
sovarage). For thie particular missien saenario, any smaller rangs would not provide
alerting soon enough for the friendly helicopter force to react and ambush t¢ha hostile
helicopier force.

This misaion soenario requires (hat sufficient tite be allottied for the friendly cover
force 4o maneuver 40 an ambush mite € km away to keep the threas helicopters out of
engadenens sange of 4he friendly ansi~aprmer heliecopters, Compared to other air cowbat
operatsions in which attack positiona are pradeternmined (Depariment of tshe Army, 19008), it
APDPaArs Shat this type of mispion requires maximum alersing times and distances,

Bighty-by-eighty kilometers is a large ares to present on the small display surfaces
availablie in Army helicopiers. Obviously, if the speed of the enamy helicopters is alower
or the od of the friendly helicopters is faster, the distance traveled by the enemy
helicopiers deerea and the display area of coverage can ba deoreased. The airaspesds for
the helicopter were selected based on known threat and friendly tactics and dookrine. The
saleaated Shreat nirspeed is at the high end of the range and the selected friendly airspeed
A8 a0 the lower end providing a worst oase scenaric. Table | shows the effect of inoreasming
or deereasing the speed of the friendly heliaepter force,

Tabir 1

Display Area of Coverage

Friendly Homtile
Helicopter Forca Helicopter Force
Airapeed Flight Time Plight Distanve Display Area
(Kneta) (Minutes) (Kilometara) (Kilomaters)
a8 8.1 48,0 116 x 119
1] ] 8.4 30.0 8 x 89
40 4.1 23.8 oY x o8

in she remainder of A\his report, we assums that an appropriate sise for the target
acquisition display is a 3d-km square. The seleotion displays & 18-k radius area about the
host helicopter. The air-tu-ain combst aviater oan see the tracks within the nominal B-km
angagesent range of his missiles. He alao seer the aircratt approaching his immediate ares
in time tc take defensive action. This is the cholce salected by the UBAAVNG, and reflects
the opinion of most helicopter pilots we interviewsd, As dutarmined from the analysias
sbove, howsvar, the area may bs %00 small 0¥ Whe aviaior to have sufficlient time to selegt

hinbf:rin‘ position and to manuever to that pomition during the alemting and ocueing phave of
aombat,

Display Bymbol Sise

Uning MIL-HDBX-780 (Department of Defense, 1978) as & guide, the dispiay symbol used to
represant an aireraft track should subtend at least a S#-minute viewing ara at the
orewmenber’'s sye in order to read the symbol and modifiers, Our sxperience has been that a
28-ninute sined symbol would be preferred by aviators in the high task loadings and
vidbrations of helicopter f1ight. The nominal viewing distance from the eys of the pilot to
the air combat divplay on she pansl of mowt modern helicopters is 98 inchea. Tae symbol
sine should therefore be 3/168-inak by 3/18-inch squared,

8yabol Obsauration

Table § shows the amount of display arsa that the symbol coverlays or cbacures for the
two arean of coverage and the four display simas. The table shows she 30-by-30-km and the
88-by-80-km areas of coveragje. The display mives are 3 by 3 inchas, 8 by & inches, 7 by 7
inches, and 9 by 0 inches. Tha table shows that She symbol cen overlay from & #.88-km
squars of display arsa & B.0-ka sguare depending on the area of coverage and display
#ine. This would be the amount of area hidden fvom view on & digital map display, us well
an the uncertainty in the corresponding track's pesition.
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Table 2

Symbol Obscuration in Kilometers

Display Area Display Size (1lnches)

of Ceverage

(Kilometers) [ ] . Bn8 TR [ 2% )
30 % 30 1,88 km 1.10 km  8.90 kn  0.69 km
5 x 8 9,600 kn 3.6 km 3,14 kn 1,07 hkn

Display Ares of Ceversge Resolubion

Table 3 lises the display area of coverage rasolution in meters; this is the dissance
on the arsa of soverage besween adjacent pixel peints on the display. This ie & measure of
the acouraoy with which items may be located on » digital nap display. The table shows that
the diaplay area vesolution can vary from 762 meters to 37 metars depending on tha dimplay
sige and reasiution,

Table 3
Display Area Reasclution in Maters

Display Area Display Display Siae (Inches)
of Coverags Resolution
(Kilometers) (Lines/in) I nd 8 x8 T e xH
38 x 38 -1} |1 L] M a 129 m m
o 11l m 0 m (LN Y Mm
a8 x 88 38 700 48T m 336 m 284 m
(1] 0 n 1M m 127 m O m

Given the 3/18-by-3/10-inch symbol sime, Table 3 shows ths effect of the area of
ooverage and the digplay sise and resolution on aymdol movement. For example, an airoraft
baing treaocked on & 8-by-O-inch display with 00 1inea per inch resolution and s 80-by-88-km
area of coverage, must travel s distanos of 177 meters for the aorresponding aymbol to move
one pixel on the display.

Angular Unocertainty
Table 4 liate the uncerteinty in locating fvrom the diwplay, the angular location of the
Srack relative %o the howst airerafs., 'The angul&r unoerbtainty ie cauwed by the sime of the
symbol on She display. The aviator is assumed %0 be attempiing to visually aequire the
sraak from She diaplay at the B-km rangs.
Table 4

Angular Uncerbainty in Degrees at 8 Kilometers

Display Area Display Sise (Inches)

of Coverags

(Kilomebers) Sl Sx b T x99
30 x 30 31.43 12,082 8.4%9 7.17
00 x 84 63.1¢0 33.37 24.17 18.08

Symbel Update Times

Table 8 shows the timas Betwsen symbol updates on the display as & tunction of the
relative speed of the airaraft daing tracked, the ares of coverage, and the display sise,
The table shows that a 180-kned srack symbol would change position on the display onue evary
$.41 second 4o onae every §.38 ssconds depending on the area of coverage and the display
sise and ramolution. The update times are longer for slower tracks and ahow the uncertainty
in dedermining from the display, the speed of the enemy track relative %o the hosy airaerafs.

S USRS S
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Table 8

Hymbol Update Times (in seconds)

{a) Display Covarage Area: 38 x 30 kilometers

traek ;
Plight Display Diuplay Bige (Inches)
fpand Resolution \
{Xnote) {Linew/in) Inl xb Ta" o xd i
T8 (1] 10.43 0 11,00 o 7.80 & 6.14 &
1] 7.7 = 4.97 » 3.04 0 2.39 s
188 38 3.4 0 1,00 8 1.4 o 184 o |
o8 1.22 » 4,73 2 9.82 » .41 &
(b) Display Qoverage Area: 80 3 88 kilometers
Track
Plight Display Display Eime (inches)
Speed Resolution
(Xnota) (Lines/in) I xd B x8 TR "7 I )
s 38 490.20 » 290.88 s 21.00 s 16.43 »
[ 1] 19.10 & 11,48 » 8.21 a 8.i0 »
108 38 e s 5.03 » 3.0 s 2.7 8
(1) 3.30 & 1,08 2 1,30 8 1.00 8

To this point, the approach has been to define the prelerred symbol zize and eatablish
two areas of coverage that were analysed in terms of display siss and resolution. As can be
seen, smaller areas of coverage pressnied on larger displays provide higher resclution
information to the operator. With an 88-by-86-kn area of covarage on a J-by-3-inch diaplay
(38 lines/inoh), the aymbol covers 8 km, and the symbel update time for an alraraft
traveling at 36 knotn iz almest 89 meconds, illustrasing the dilesmma of attempting te
provide bBatshlefield situation informasion within the constraints of existing aiveoraft panel
and digplay space. The alerting and cueing information is somewhat impracise. A solution
to this potential probies is suggessed 4in the next seation.

AIN QOMBAT DISPLAY OONOEPF?

The information presented on the air sombat dispiay i the result of sensor data
provided by the FAAD system. The FAAD system detects aircratt tracks, assigns
identification numbera te the tracke, and olassifies certain informatien about esch trauk,
The basia air combat digpley conoept (s shown in Figurse 1. Tha display is & plan position
indivator depicting radar-based information on a ORT, The concept bovrrews from Alr defenss
fire unite and ie modified to meetl aviation requirements.

The display is designed am a 'heading-up’ display. As the sircratt turns, the display
rotates 8o -that the heading of the own airoratft symbol is orientsd toward the top of the
sorean, The number in the box At the top right-hand corner of the display shows the rvange,
in kilomatérs, deploted on the display from the own airoratt symbol to the top of the
screen. The ring represents the mid-range point (in thiw case, 10 km). In & finsl version
of the display, the displayed range or area of acoverage would be selected by the crew.

The own aircraft symbel is the cross located in the center of the display. Diamond- :
shapsd symbols represent hostile aireraft, circies are friendly, and U-shaped symbols sre
unidentified or unknown airoraft. The symbels ocan bs further medified to provide additional
information. The symbol alons represents a fixed-wing aivaoraft. The wymbol with a
horimontal-line saross the top repredents & rotary-wing aivrcraft., A single symbol indicatas
that the track consists of & single aircratt., A double symbol indicates that thé track is &
formabion of multiple airoraft, The number at the lower right alde of the symbe) designates
the assigned track number., The line extending outward from the center of the symbol shows
the diraction of movement of the track symbol.

vodifying the symbol to provide thiw additionsl information tends to njutter the diwplay.

To alleviate the potential for clubtter, & btrack information line, presented in texh, ix
avajlable for asch track and can be called up on the display by hooking the track (sae
Figure 2). Hooking La the term used for selecting or designating & given track. In current

i
i
§
Additional track information is available for presentation to the airarew, but o
airarafb, hooking can be sxcompiished by entering the track numbsr via & keypad.

LT T A L1
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Anothepr very important reason for providing the track information line on the diaplay
18 the imprecizenesa of the graphic track information resulting ifrom the large arss of
coveraga portraysd on small screens. The track information line allows more specific
information about the track, (such as heading and relative location), to be presented than
ia possible with tha graphic symbology. Information included in the track information line
18 track heading, airspeed, altitude, range and bearing from own aircraft to track, and
time~to=tirsé launch.

It appeara thay the graphic display is better suited for providing jeneral situstion
awareness information while the text information line is better suited fop providing !
specifio or detailed information about & particular air track. Whaen used in this manner, it i
is possible to presant the air battle picoture on a small scresn with an adequate degree of H
ubility, '

- e -

' DISOCUSEION

S This display acencept is an initial design and sucoessive iterationa are evolving.
Display capabilities are Jimited ¢o the technology available in aurrent Army haiicopters.
) Display sise is currently a limiting feaotor in providing a large ares of coverage.

A primary challenge is attempting to depiot an 88-by-88-km area of goveraje on &

nominal 3-by~3 inch display. As suggested by the preceding analysis, sShe air track data

[ bacdame sonewhat imprecise. The requirament for an 80-by-08-km area is predicated on a

\ homtile airaeraft traveling at a high rate of speed and a friendly siraratt traveling at a
very slow nap-~of-the-eapth speed. If displey sise was not an issue, this would be tha baat

’ area of veverage for a maximum slerting and aueing distanoe., It has been suggested that the
alerting of distant air threats be accomplished by a ground-based command post equippad with
a large display soreen, which would advime individual airorafé of impending air threats
until in ranga of the aircraft's on-board display.

' REQOMMERNDED RNHANCEMENTS

AB & goncept new to Army aviation, muah can be done to refine and enhance the air
aou?nt display, The following are some recommanded areas for additional evalumtion and
analysis,

Baturation/Clutter of the Display

The number of air tracks that ocan be expected in & given 38-by-3@-km or 62-by-80-km
area La unknown., The number of air tracks will partly contribute to the raturatien and
clutter of the display. Even a amall number of traoks, if close to eaah othar, can dreate a
1 cluttered situation in whioh symbols or aymbol medifiars cannot Le interpreted., However, it

may be necesmary to use techniques that will filter out soms or all the following aiv track
data., Ideally, thess filters would be salected by the orew. The air tvack data that may
require filtering avel

Righ altitude tracke
Past moving traoks
Friendly tracks
} Receding tracks
Tracks outeide the ares of interest

i Analysis {8 required in this area to atbtempt to quantify the number of air tracks that
mAy be anticipated in various segments of the battlefield and to assese display msturation
and possible techniques for de-sluttering,

Track Information Line

Currantly, the track information line includes all informstion available regarding the
sslected track, On a wmall display, there may net be enough space to present the entirs
line of information. Perhaps, the crew does not require all the tnformation pressnted on
the line. At any rats, an snalyais of the traak informabion line should be accomplished and
the infermatien most important and uweful to the urew should be prioritised.

e —— —

With prioritisation, eaoh type of information needs %o be reviswed to determine the
appropriste inerement of pradentation. For instance, 6o provide adeguate oueing. should the {
bearing to track be provided 4o the nearest degres, B degrees or 10 :..»-.-. etat Track i
information line .ejuirements must be coordinsbed with operational aviators who have
expevience with, o tirat-band knowledge of, helisopter air combat operationas.

Bavtlafield Qeometry

Rattlefield geometry suoh as division beundarien, air sorridora, fire Nones, and e
friendly tive unit louations are transmitted by the FAAD 0% systess, A deteavminabio:n must !
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be made about how muoh, if any, of this information is useful to the helicopter orew, 1If
battlefivid geometry is to be provided, what effect is there on display saturatvion/olutter?

Boldier-Machine Interface

The soldier-mschine interface issues require much more attention before the air combat
display conocept ocan be successfully integraved into an Army helicopter cookpit. The .
multiple funetions on the ORTa areate a complex and evitical issue of identifying the N
apeaific oraw inputs, Thim essential recognition is required to retrieve the appropriate .
information and change display tunotions quiokly.

Audio and Speech Display Techniques

An evaluation needs to be made to datermine the use of audic tones or speech synthesis
a8 aide in alerting the crew of information on the soresan. Such aids may be sspecially
helpiul, or aven necessary, during periods of high visual task loading,

CONCLUSION

This report provides an adcount of the development of a display concept that alerts and
cuss Army helicopter crews to the locatinn of triendly and hostile aivorat: over the
bathleliold, The air track data to he displayed ars ganerated by radar sensors and
tranamitted by the FAAD C®] gymtem. The voncept borrows from air defenme fire units and the
symbology is found in DoD=8TD«1477 (Dapartmant of Defense, 1081),

The area of coveraga pressnted en the display waz an imporiant conmideration in making
She display a useful tool for slerting and cueing and, therefore, received considarable
attention., Although the mission analysis shown that an 80-by-E9-Xm ares of aoverage is bent
tor providing timely alerting and oueing, §t appears that the aymbol aoverags and symbol
update raten associated with this area of coverage result in information that is not of
sufficient preciseness when depicted on small display screens.

As an svolving conospt, further analyses are veguired to arrive at a final damign that

will provide effective alerting and cueing in support of Army aviation air combat
oparations.
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DESIGNATION D'OBJECTIFS S8QUS PACTEUR DE CHARGE :
INTRRET ET LIMITRS LU VIBNUR DR CABQUN,

par le Médecin Chef A, LEGER et le Mddecin P. BANDOR

Ladoratoire de Médecina Adrospatiale
CENTRE D'NSBALS BN VOL
91210 - BRETIGNY=AIR, FRANCE

Les vissurs de ouliru sont actusllement oconsidérés comme L'una des
approches possibles pour amdliorer la consclence de la situation des pilotes de combat,
Les avantages potentiels de ocs type d'dquipsment peuvent cependant btre diminuds du
hig td.A'i. a:ftnintu d'environnement adéronautigue, comma les acodlérations + G du
comba r=hir,

Une détude axpérimantale en ocentrifugeuss a é+é oonduite pour tenter
g'dvnlucr 1'impact des scodldrations + Gt sur la fonction de désignation du viseur
e casque,

Les rdsultats montrent que jusqu'h + 3 Gz la dégradation des performances
de poursuite sous facteur de charge demeure moddérde. Certaines limites des viseurs
de casque apparalssent cependant, Elles sont assentiellement lides aux caractéristinues
biomécaniques et aux modes fonotionnels de la cnordination oeil-tdte,

1. - ZNTRODUCTION

La plupart des granda programmea actuels d'avions de ocombal prévoliant
1'utilisation de viseurs de casque, en complément des visualisationm classigues,

L'idde du viseur de casque n'est en fait pas totalement nouvelle puisque
certaina avions de combat en sont déjh dotém, parfois de longue date oomme la VTAS
en service sur les FMi-J de 1'U.B. Navy,

Bn France les premidres dvaluations du viseur de caaque pour leas avians
de combat ont été mendes dans le courant des annédes 70, A cette dpoque, dans le contaxte
de aysthmes d'armes essentliollement secteur arridre, las études en simulation de combat
n'avalent fll permis de conclurs & liintdrbe de ce node de désignation en combat adrien
Alz=Air, En revanche, des d‘voloﬂrnmnntl ultérieurs ont 4td mends svec succds pour
#:a hdliceptbres de combat, oconorétisds au niveau du programme PFranco-Allasmand HAP-

Les progrds rédalisés en matidre d'ortraniquc at les performances actusllea
des missiles ont radioalement changéd la situation et le programme ACT contient das
l'origine toutes les provislons nédcessaires pour L'emplel d'un vissur de casque.

Ceci nous ambne d considérer un premier point 1

1'intérdt d'équipsments comne le viseur de casque est dtroitement
dépendant dus caraoctérivciques du systdme d'armes auquel il est intégré.

Les systémes d'Armes des avions modernes sont devenus sl efficaces qus,
paradoxalement, on peut oralndre ds voir augmenter d'une manidre considérable la
:fahn?éll?i de destruction mutuelle des appareils engagdés dans un oombat (ni vainqueur,

vaLhoul.

A ce niveau, le viseur de casque oconstitue 1'un des moyens possibles
pour faire pencher la balance, Le facteur humain reprend dona ici toute wma
slgnification,

Les études d'emploi tactique, qui ont été mendes on France sur ce sujet
ont bien montréd les nombreusss difficultdés qui réuident dans 1l'interprétation des
rdsultats obtenus, Les probldmes d'homogénditd dans 1a ?o ulation des pilotes amdne
A la cvenclusion géndrale que, quelles que soisnt les conditions du combat, les pilotes
d'exception, cwux gqui sont naturellement le plus consoient de la situation, arrivent
A prendre le dessus.

En revanchs, l'utilisation du viseur de casgue st pour 1'|nlnmbio de
la population la source d'un avantage certaln., Vu sous un angle négatif, on peut ausai
coniiddrer que la non-posvession de cet dquipement entraine un désavantage,
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Ce dernier point contribue sans doute A établir l'idéa qua ler vissurs
de casque vont m'insorire parmi les dquipaments incontournables pour les avions de
comhat des anndes A venir.

L'utilisation de ces équipements, en particulier lors de combatAlr-air
pose toutefois des probldmes auxquels les 4dtudes en simulateur de combat ns peuvent
rdpondrs, Ce sont essentiellement les aspects liés aux contralntes biledynamiques
résultant des évolutions de 1L'avion. Ces contraintes, qu'il s'agisse des vibrations
ou des agoélérations + dr scutenuss, affectent les deux fonoctions du viseur de ocasque,
ddsignation d'objectlts et présentation d'informationns.

Ces dernibres anndes le Llaboratol.s de Médecine Adrospatiale a'est
slrtlouliircmnnt intéressd & 1'impact des accélérations + Gx sur la fonotion de
dsignation des viseurs de casque, Avant d'aborder ce point particulier, nous
effectuarons un bref rappel dem avantages préxentds par le viseur de casque en terme
de aanﬂfﬁrnct de la wsituation ainsl que des principaux problémes gqul résultent de
son smploi.

La possibilité de piloter "la téte hors du cockpit" dans les conditions
oritiques (bamsse altitude, grande vitease, combat), tout wn conmervant les informations
sur le pilotags et la conduite des systdmes constitue un avantage fondamental pour
le maintien de la ocohscience de la situation (2). Les viseurs ovollimatés téte-haute,
1iés A la structure de l'avion, donnent cette possibilitd, mals seulement dans uns
gone restreinte A quelques disaines de degrés. Cette n8no, lide d'une manibre gdnérale
au vecteur vitesse de l'avion, représente un intérét fondamental pout certainas phases
de vol., Par contre, dans le cas du combat Alr=Air, les monam d'intérét Au pllots peuvent
93¢ trouver trés dloigndes du vimeur central t8te haute.

Pour HOLLISTER et ocoll, { 4 ) le viseur de caague (HM3/D) fournit au
pilote trois avantages principaux 1

~ Une visualisaticn de secours des informations prémentdox en téte-bassa
ou en téte-haute, quel que moit l'endroit ol regarde le pilote,

~ La possibiiité de démigner des objectifs pour le aystidme d'armes.

= Une viaualisation du type téte haute mobile capable de présenter toutes
1.; informations ndécessaires A l'attague et & la destruction de cibles au scl ou en
vol,

SHERMAN ( 6 ) wsouligne que leo viseur de casque reprémente dgalsmant
?nclfﬁgueion pour la présentation d'informations lorsque le sidge du pilote est trés
noline.

Dans toun les cam ces avantages ne peuvent Adtre considérés comme
effactifa, surtout pour les avions de combat, que si 1l'encombrement et la mamse des
dquipements dameurent compatibles aveo les contraintes biodynamiguss du vol.

L'sffet de ces contraintes au gours du vol grunde vitesse, basme altitude
a été rapportd, tant pour ce qul oconcerne la fonction de ddsignation ( 7 ) que celle
de prdsentation d'informations visuelles ( 3 ), Lors d'études en laboratolre confirmdes
par des esnals en vol, TATHAM a montré que seules Jes uvomposantes basse fréquence
(infdrisures b 4 Ms) affectalent la précision de visde. En utilisant une méthodologie
identiqua, JARRET montrait que la lisibilité du vimseur mous vibration pouvait 8tre
améliorde en augmentant le contrasts lumineux.

Les probldmes posés par les dvolutions du combat Air-Air dans 1@ domaine
visuel sont loin d'avoir été aumal bien dtudids qgue ceux rdsultant des vols tactiques.
g'itudo ;xpﬂf&m-ntnlt qus nous préssntons a pour objat d'appurter quelques éléments

ane ce domaine,

+ - MEINODRS

L'dtude a &td mende sur la ocentrifugeuse du Laboratoire de Médecine
Adrospatiale du Centre d'Essals an VYol de BRETSGNY wur Orge.

3.1, - Dispositif Dxpérimental
3.1.1, - Platetorme d'expérisnce

Uns magquetta 1‘omittiqu. du démonsirateur Rafale, articulde autour
d'un midge inoliné A 32° o dté utilisde vour les esmainm, Cette maquette a dté inmtallde
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dans la nacelle universelle de la ocentrifugeuse qui permet d4'accueillis des
expérimentations encombrantes. Des essais de validations onk ensuite été mends sur
une maquette du prototype ACT (sidge inclind & 28°).

La commande de pilotags situda sur la banquette droite comporte
un {nterruptaur permattant au pilote de valider les évdnaments. Une visualisation
centrale sur un moniteur vidédo est utilimsée pour présenter au pilote des informations
sur le déroulement des aesmais et les rdsultats obtenus. Une valve anti-G permet
l'alimentation de 1'équipsment de protection porté par le pilote. Emfin, un triddre
d'acoélérombtres placés pris de la tdte du pilots permet la mesure des trols composantes
d'acoélération Jx, Jy, Js,

3.1.2, = Dispositi? de présentation de cible

Un dispositif optique A& 2 degrés de liberté md par des metaura
aspervis, projette un rayen Laser He-Ne sur un doran hdémisphérique de 170 om de
diambtre, Cet écran est approximativement centrd sur la powition de la téte du pllote.
Ltamplitude de déplacement autorisés par le systdme ent de 180 degrés en gimement
at + 90 en site, Les vitesses de déplacement peuvent atteindre 700°/s en gisement
at 2000°/s en site.La précision de positionnement de la cible est de 12 minutes d'angle.
Une recopia de la position angulaire du miroir de sortie, en site et en gisement,
ent utilisde pour dédterminer la position de la cible dans le repirs de la cabine.

3,1.,3, = Dimpositif de mesure de la position de la téte

Le viseur de casque électro-optique THOMBON-CEF est utilisé
pour déterminar la position de la tdte et l'orientation de la ligne de visde du pilote.
La précision de ce aystdne est meilleure que 0,3° pour les angles et que 1 mm pour
les translations, La oadence d'dchantillonnage rdells est de 20 Hx, Ce systéme comporte
deux trisngles de diocdes émettrices et un viseur collimatd, intdégré dans un ocasque
QUENEAU 488 modifid par les soins du Laboratoire, La masse du casque équipd est da
1380 g. Lea capteurs sont constituds par deux barettes CCD disposées de part et d'autre
de la tAte du pilote sur un support indéformable. bDans la disposition utilisde lors
: sais lu champ de mesure couvrait approximativement + 60" en gisement 2t + 60°
en site.

3.1.,4, - Bystéme informatique d'acquisition

La gestion des expérimentations, la commande du disposltif optique
at l'acquimition des donndes sont assurdes par un caloulateur DBEC L8I 11-73. Les
programmes d'spplication wont dorits en Fortran IV avec des routines Assembleur. Cons
programmes fonoctionnent sous un systdme d'exploitation RT=11-8J,

3.2, = Protocole
J.2.1, - Bujets

8ix  sujets volontalras exempts d'affections pathologiques
dvolutives (Age 23=43) ont participd A l'expérimentation, Ils ont été recrutéds parmi
lea personnsls du Centre d'Bssais en Vol et tout particullbrement au sein de la section
des parachutistes d'assals. Tous les sujets avaient une expérience préalable de la
centrifugeuss. 1lls dtaient, en rhgle gédndrale, résistanis aux effets des accélérations
de Coriolis. Lorsque oe n'était pas le ocay une prophylaxie anti-naupathique a étd
utilisde. Une deuxidme expérimentation a été menée ultérieurement avec deux pilotes
de chasse, Hlle avait pour but de valider quelquas points précis den premiers esxsais.

3.2.2, - Conditions expérimentales

Chaque sujet a effectué un total de aix lancemanta comportant
chagun trois montées eon accélération. Le nombre total d'essals a été ddterminé par
la combinaiwon des conditions d'accélération et des différentes trajectoiros de cibles
présantées. Avant chaque lancemant, une acguisition dm référence & I G était effectude

our chacune dea trajectoires dtudides. Dans tous les cas, la position initiale de
a cible et la trajectoire suivie étalent totalemunt prédictibles.

3.2.2:.1¢ - Trajectoires

Troim trajectoires rnt été utilisdes pendent les essais. La durde
de chague trajectoire ast de 10 secondas,

La trajectoire n® 1 se compose de 21 segments 1 le premier part
de + 50° en situ et - 50° en gisemant ; la cible me déplagant jumgu'd un point 30°
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an site, 0° en glsement avec une vitesse de 3°/s en site et 8°/s en glsement. Le
deuxidme segment est purement vertical, b 7°/s jusqu'au point de référence 0°,

La trajectoire n® 2 est sortante. La cible démarre d - 20° en
gisement, + 20° en site et se déplace & 3°/s en site et 7°/s en gisement vers un point
+ 50" en site + 50° en gisement.

La trajectoire n° 3 ast rentrante, purement dans le plan vertical,
La oible démarre & + 33° en site st se ddplace & 3,5°/s jusqu'au point 0°,

3.2,2.2, - Conditions Aa'accélérations

Les eagnis ont &téd mends pour deux sous-protocoles, Palier et
Transition,

Dans le premier cas la poursuite de la oible sat sffectude avec
3n ontgv-oa/u ronatant d'acoélérution + G (3, 4 ou 5 G), installd avec une variation
e O, L 1

Le :retooolc Transition étudie 1a poursuite lorsque 1'accélération
varie de 1,4 Q résultant & 3 G rdsultant avec des pantes de 0,2, 0,4 ot 0,6 G/B.

3,2.2,3, - Plan expérimental

Le protocole Palier a toujours étd réalisé avant lu protocole
Transition. Pour dviter un effet 1lié A 1l'ordre de présentation des enmais, les
différentes vombinaleons d'accélération et de trajectolire ont &té réparties en
effectuant une permutation circulaire,

3,3, - Traitenent des donndes

Les donndes ont étdé exploitdes au moyen d'un logicial de traitemeant
spdoifique comportant des fonotions interactives.

Les paramétres dtudids ont portd sur l'acquisition des cibles (vitense,
durde) et sur les caractéristiques de la poursuite Ecart moyen et Ecart quadratique
moyen (B.Q.M.).

4. - BESULTATS

Lea résultats prémentés ici portent essentiellement mur les
caractdrimtiques de poursuite de oibles aprés gqu'elles aient htd acquises, Nous
distingusrons deux aspects 1t 1'un qualitatif, 1'autre quantitatif,

4.1, - Aspect qualltAtif des poursuites

bans l'ensamble, les wsujets n'ont pas rencontrd de difficultés
particulidres au cours des différentes poursultes. Il existe une trds grande variabilité
au niveau interindividuel dans la qualité de la réalimation de 1a thohe. Alors que
certaing sujets arrivent ) maintenir une qualitéd de ?uurnum A un trée bon niveau
dans tout le domaine étudid (fig.lA), d'autres n'obtisnnent que des résultaus
relativement médiocres (£ig.1B).

sur le plan qualitatif deux points attirent particulibrement l'attention.
Le pramier ocncerns la trajectoirs n"l, le second la trajectoire sortante n®2. La
trajeotuire n®3, en revanchs, n'appelle ici pas de commentaires particullers.

4.1.1, -~ Effet d'un changemsnt da direction

La ‘trajectoire n*l comporte un changement de direotion
relativement brutal. Bien que ocelui-ci soit parfaitement prédictible, on obierve asses
frdquemment  ce moment un décrochage de vinde, avec des éoarts instantands qui peuvent
atteindre aing A dix degrés.

La figure 2 iliumtre bien ce phénomine qui, sans 8tre totalement
répbtitif, est trds souvent prédsent ) des degrés divers,

4.1.,2, - frajectoire sortante

La trajectoire asortants a globalement été jugés comne la plus
difficile A poursuivre, méme pour les ?Hotu e chasse, Ceoi est particulidrement
vrai pour ls protocole Transition, oli l'acediération terminale est toujours de 3 4d.
Cette avcdlération terminale voinoide dans ocm cas avee 1l'excentricitd la plus forte
de la oible 30° en site et en gisement, Alors gus l'atteinte de cette excentricité
ne pose jamaia de probldme lors de ces acgquisitionw, on cobssrve trids frégquemment un
blocage de la t8te lors de la poursuits., Un exemple de ce type de blocage, résultant
eh uns parte rapide de la visée est présentd A la figure 3.
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4.2. - Ampests guantitatifs

Lea résultats obtenus, présentés en terme A'écart quadratique moyen
de poursuite, ont ¢été rassemblés pour les diffédrentes vonfigurations d'accélération
dans les figures 4 A 7, Il s'agit 1A de valeurs moyennes oihtenues sur 6 sujets. On
note trés pau de variation pour les valeurs d'BQM en glsement, A 1'exception de la
trajectoire 1 (fig.5). Dans ce dernier cas les valeurs d'EQM qui, en rdgle générale,
sont proches de L degré atteignent 1,30 & 0,6 G/=,

En revanche, pour ove ui oconcerne las valeurs observées en pite, on
reldve des variations plus importantes pour les trajectolres. Globalement, les
poursuites effactudes h 3 et 4 G ne présentent que peu de Aifférance avec les résultata
de rdférence, Les valeurs moyennes cbaervées A 3 G sont sensiblament plus dlevdes
pour la trajeatoire 2 o elle atteint, 1,3*, Comme pour les résultats cbtenun avec
dea ciblas astationnaizes (%) ce sont les variations d'scoélération gqui engendrent
les E.Q/M, lem plum importants. Ceux ol dépassent ?n‘ulnmant 1,2° des 0,4 G/ vour
atteindre 1,8* A 0,6 G/s pour la trajectolre 2 (£ig.6).

5. - DISCUSBIOW

pans sa fonotion de ddaignation d'objeoctif, le viseur de casque ne peut
contribuer correctement A 1'amélioration de la "conmolence de la eituation® que dans
la M.H{. ob la difficulté de sa mise en oeuvre n'ohdre pas les avantages qu'il apporte
par ailleurs,

A ce titre, losm résultats obtenus en ocentrifugeuss montrent assser
olairement que, dans le domaine d'accélération considéré, la dégradation des
performances de poursuite demeure relativement modérde. Encore faut-il que ocen
performances soient ocompatibles aves les ocaractéristiques des armements employds.
Notons i{ol que les résultats ont étéd expriméa en termm d'dcart guadratique, parametre
classiquement utilisé pour évaluer 1n parformance, mais que les valeurs extriémes de
1'doart instantand peuvent Atre beaucocup plus importantes.

On peut considérer que ces doarts s'acoroissent systématiquement X partir
de ) O et pour des taux de variation wsupdrieurs & 0,4 G/,

Les résultsts qualitatifs obtenus avec le changament da direction da
la trajectoire 1 montrent assed bien les limites d'une poursuite avec un réticulas
1ié & la téte, Il ne faut en effet pas cublier que cas trajectoirss étalent tot lsment
prédiotibles, On peut donc pesnser qu'un avion capable d'effectusr un chengsinent rapide
de l'orientation da amon vecteur vitesse pomerait des problimes aussi bien ave¢ un
viseur dea casqie gqu'avec les moyens clasmsigues de désignation.

De mdms les rduultats cbtenus avec les trajectuires mortantes donnent
matidro A réflexion. Il est en effet asurprenant de constatesr que, lors d'acquisitions
rapides, dea oibles excentrées b 50° en site et en gisement wont généralement atteintes
suns probléme,

La limitation ohservée dans la partie terminale de la poursuite d'une
oible dvoluant lentement uat sans doute lide A 1'inclinaison du sidge et de 1'|pgui't5t¢-
81 ocette inclinaimon et floblhmnt favorable A 1'acquisition de ciblea édvoluant
A fort site, elle wsemble Ici poser un problidme de mebllité., Pourtant la poursuite
de cibles sertantes conatitue trds ocertainement une vonfiguration de combat tout &
:nle" poswible, surtout dans des conditions de combat du type “deux contrs plus de
aux”,

Catte problématique de ocombat multicible ) courte distance constitue
trhs Jertainement un point d'intérét pour les viseurs de casques, Les acquimitions
offectuden montrant que le déplaceament d'un goim: A un autre; méme sous facteur de
charge est rdaliséd avec une précimion relativemant bonns, A condition d'avolr une
idde précise de la looalimation dv point d'arrivée (oiblas prédictibles), Au cas ob
cwtte information de localisation serait fournie au moyen d'une figuration viseur,
i1 conviendrait donc de s'assurer que celle-ci conduise bien A une évaluation précise
du dtglumlne angulaire b effectusr. Rappelons ici que, par définition, les mouvements
balistiques ne peuvent dtre interrompus par une houcle de rétroaction. Bn Fait, on
observe aswses fréquemment des dépaswsments d'obacctul. suivia de rattrapages qui
ne peuvent qu'étre préjudiciables X uns conscience de la situation optimale.

Enfin, pour clore oe ohapitre et ainsi gque le souligne BARNES (1),
la vissur de unguc fait appel ) une action "non naturelle*, dans 1la mesurs ob i1
va b llencontre des mdcaniames de couplags oeil-tdte, Cette limitation physiologique
inhirente au frincipc du viseur de casque incite dono A poursuivre les efforts en
matidre d'utilisation du regazd plutdt que de la tdta,

e ¢ vt e s At A i e < o i s e e e e s e e
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6. - COMCLUSION

Pour de nombrsux auteurs, le vimeur de casque constitue un moyen
dtaméliorer la conscience de la situation du pllote de combat.

A obdtéd d'avantages évidents, on oongoit bien que llutilisation d'un
syatdme 1ié A la téte puisse, du fait des acndlérations rencontréss au combat, perdre
une partie de mon efficacitd.

Len expérimentations mendes en centrifugeuse ont permis de mettre en
dvidence certains points qui peuvent vonstituer une limite Ad'emplol da ce type da
systhme, Bur le plan gquantitatif, la ddgradation des performances de poursuite reste
relativement moddérde, Cettu ddgradation eut plus sansible lorsque l'accélération varie
avec des taux dlevés que lors de poursulte avec une acudlération + Gp établie.

1. = BARNES G.R., BSOMMERVILLE G.P. ¢ (1978) t Visual target acguisition and tracking
performance using a helmet mounted sight.
Aviat. Space and pnviron. Med, 49 (4) pp.565-572.

2. = CHILUM Q.T. (1979) 1 The role of helmet mounted displays in highapeed Low-Level
glight. AGARD~CP n® 287 21-1 21-8.

3, = JARRET D,N, (1979) 1 Helmat mounted devices in low-flying high-speed aircraft,
AGARD=CP 11°287 10-1 20-1 20-3,

4, - HOLLIBTRR (1986} 1 Improved guidance and control automation at the man machine.
Intarfaoce. AGARD Advisory Report n® 228.

5, - LEGER A., BANDOR P., CLERE J.M,, O85ARD G, (1989) : Mobilité de la téte et facteur
de charge : Approche sxpérimentale en centrifugeuns.

AGARD Bymposium on neck injury in advanved military airoraft snvironments MUNICH 27~
28 Avril 1989, C.P N paraitre,

6, - BHRRMAN H. {1986) : The potentiel impaoct of developmants in electronic technology
gnlgh: future condu~t of alr warfare, AGARD Alvidory report n® 232 n® 3,10-1,

7. = TATHAM N.O, (1979) 1 The offect of turbulence on helmet mounted wsight arming
acouracy. AGARD-CP n® 287, lé-1 1d-4,




t7

SUET @2 VISEE EN PALIER 50 TRAJECTOIRE 3

# dES - ey 16 SECOMOES
DEG SITE
ECARTS CIBLE-POINT UISE “3ot6 UEG GISEMENT
INFGRIEURS A 6 DEGRES s 30

FIG.1.A 1+ Résultats bruts 1 pour une trajectoire 3 on constate d'excellents résultats pour une poursuite
“==" aucours d'un plateau d'accélération d + 5 Ox,

SUKET 6 VISEE EN ACC.  0.20/3 TRAJECTOIRE @

SITE

59 DE

0 DES 18 SECONDES
AISErERT

88 DEd

8 DEa 10 SECONDES

-t
ECARTS CIBLE-POINT UIGE ! -
INERIEURS A 6 DRGRES GIGEHENT

HG.1B lz"lllﬂvt.l.:l' beuts 1 les résultats obtenua ici montrent une dispersion beaucoup plus importante




© T e e RerTE e ER

-8

1 UfSEE ENPACTEN T.7A1T

CTE L - 18 8L

LITirys

F1G.3 t On note lol, pour la trajectoire 1 une augmentation impaortante des écarts instantands
Jorsque la cible change de diraction,

P[] VIS ERPACTER T30 1.1 TRAJECTOIRE B 1.1} [

"';';J';.'.';;r".ﬁ'; Jay

I B

h AN A\ A .T.\
g ! WL
u awn
- ot s
e bt 1444 gl +
-
b i . of TN
= i ]
I'\

jomet g

ot

Ll ) RS R R

F1G,3 1 Bffet d'una trejuctosre sortante. La téte st bloguée & 40° en site st 20° en gisement,




119

Ecarl Quadralique Moyen gisement
Lrajectoire 1

1%
190
140

12
CIVIE R S S s + .................
(") om + +

0.8

040

0N

0.0 + + + + + o 4

16 % (] o0 020/s 04 8/n 0sch
CONDITION D'ACCHLERATION +4Gs

FiG4t  On note pour la trajectoire 1 une légdre augmentation de YEQM pour les visdes ) O,8 G/s.

Ecart Quadralique Moyen en site
trajectoire |

10
18
140

080
040
020
0,00 + + + + b ot —
16 X% ° 1] 0.8 0/ 04 0/ 08 0/s
CONDITION D'ACCELERATION +G3

EIGS 1 Valeurs moyennca de 'EQM en fonctlon des diftérentes conditions d'acoélération + Os
pour la trajestaire 1,




L e

1110

Ecarl Quadralique Moyen en sile
trajectoire 2

0,00 - + + + - : A
16 ] 40 b0 0.2 0/ 04 G/ 08 0/s
CONDITION D'ACCELERATION +4Cs

Fich 81 Valeurs moyennes de 'BQM en fonution dex ditfdrentes conditions d'acuélération + Gs
pour la trajsctoire 3.

Ecarl Quadralique Moyen en sile
trajectoire 3

1)

18 1
180 1
140 ;
{ L

y

fat }

040 ¢

0.0 1

o‘m e e e e n Y “
10 X [ ] Y 02 0/ 04 C/n 08 /e

CONDITION D'ACCELERATION +Cs

Fidy 1+ Valeurs moyennes de I'EQM en fonctlon des différentes conditions dacodlération + Gu !

pour la trajectoire 5. - L o

P e e s s et b s b v e e




12-1

THE SIMULATION OF LOCALIZED SOUNDS FOR IMPROVED
SITUATIONAL AWARENESS

Peler L. N. Naish

.. Human Faoctors Division,
Mission Maagement Department,
Royal Asrospaos Establishment,

Farnborough, Hants, UK

It Is argued that, in everyday life, the directional information available In eounds is
avtomationlly incorporaied into the listener's overall awarensss of the situation. The
absance of such cues in the ali-borne environment must Insvitably Impoverish the data
base from which the plict bullda his appreciation of the eltuation, Experiments are
reported, which Indioate that modifying cockplt sounds, to give them & synthetic
directional quality, would indeed faciliitate spatial appreciation.

INTRODUCTION

Much ef the enhancament of a pllot's awareness of his situation is attempted by supplementing the
information from his own senses, with that derived from ‘ariificial’ senses, such as radar. However,
while efforis are being made to give pilots more than tive senses, there ssems to bs a certain amount of
neglest of one of the originals - the sanse of hearing, The naglect |a not of course complete, since
auditory warnings have: baen developed (eg 1), and Direct Valce Output (DVO) may be expected to
become Incremsingly Important. Nevertheless, if developments were confined 1o these areas it could be
argued that the restriotion would ba analogous to conatraining pilots to use their syes solely to watoh
flat screwns: in each case spatial appreciation is rendered It not impossible, at least very diffioult, This
papsr will therefore report upon some praliminary Investigations Into the feasibllity of employing sierec
sound In the cockplt, With positive resulls, the ultimate goal would be for all signals passed to a pilot's
headphones to be given a dirsctional quality. In this way, warning sounds weuld Indicate the direction of
the threat, and radio messages from a wing-man could appaar o originate from the approprinte location.

The advantages of using ‘three-dimensional' sound oannot be taken for granted. However precisely
the requized auditory characteristios are synthesised (which (s ites!f & problem, to be addressed later),
the resulting signal cannot be without a degree of artificiality, sincs directional sounds, such as
wamings, are not vaturally present in the cockpit (2). Whereas the directional information of a sound in
an earth-bound situation will be readily integrated into the overall cognitive anaiysls of the situation,
the same may not be trus fur (nappropriately incorporated airborne sounds. This passible difficulty
may, howsver, ssrve as an Indication of the potential value of localizable sounds. Juat as they are in a
sonse artificial, so 100 is much of the visual information presented to the pliot. Apart from his direst
view af the world (whioch may also be removed |f cockplis ver bacome enclosed), the rest of his
knowledge Is derived from characters and aymbols, displayed on scresns. Incorperating this
Information into & general awareness of a situation of course encounters the same problams as those
postulated above, for artificlal sound, Part of the difficulty liea In the nead to translate from a screen
to the real world, but a further problem is the Inck of redundancy. | do not refer to redundancy within
ons modality, for that can be added with colour, shape, size and so on. The redundancy which is missing
is Inter-modal, or between the senses. In everyday situations i is the norm for sight and hearing to
provide complementary information about events and, as is the nawre of redundancy, it is likely that
the combined information leads to faster responses than v - e triggered by slther stimulus alone.
Conssquently, it s warth considering that in the cockpit, altk. .. both visusi displays and sisteo sound
have iheir weakneses, together they may signiticantly enhance the sssimilation of Information. The
:Ir'n oxparimant to be reporied examined the extent of any interaction between inter-medal spatial
nformation.
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EXPERIMENT |

If it is contemplated to use stereo sound, as an enhancement to visually presented spatial
Infarmation, then it must ba demonstrated that the audio material is readily analysed, along with the
visual counterpart. A useful evaluation technique for such a sltuation involves the application of the
Stroop effect (3). In its usurl form, the Stroop effect s demonstrated by asking a subject to name, as
quickly ss possible, the sequence of coloured Inks used to write a list of words. This Is not generally a
vary diffioult task, uriless the words themseives are colour namaes, not matohing the inks in which they
are writlen, In that situation the subject’s response rale is slowed, and there (s a considerably greater
srror rate, In attempting this exercise, the 'subject Is, of course, trying to avold assimilating the
textual information: it is not relevant to’the task requirerients and only ssrves to make the activity
more diffioult, Nevertheless, the obvious confusion suffered by the subject provides clear evidence that
the words are baing read. Although the predlse meshanisme Undetlying the confusion are still & matter
for dabate (eg 4, 5), Naish () has shown that & lack of compiste understanding does not praciude the use
of the sfieci, as & tool in other investigations, The rationale behind using the Btruop sffect in this way
s as follows: If a source of Information can be shown to Interfere with responses to other,
simultaneously presented Information, then the Interfering material must have been receiving analysis.
Moraover, since it may be presumed that subjects will have sttempted to aveld the Interference, it
must be mccepted that the analysis was auvtomatic. It follows that, if it is not possible to ignore
information when [t s damaying, then it will certainly aiso be processed when it is potentially useful,

This principle was employed in the first expsriment. A more detalled desoription of the
methodology, together with a complete analysis of the results, will be presented slsewhere. In the
present paper, suffiolent details will be given to make the technique and the relsvant results clear,

Method

8ubjects ware reguired to respond to a serles of composite stimuli, generated by a computer,
which also monitored and timed asubject responsas. Each slimulus incorporated the concepts of LEFT,
RIGHT and CENTRE, presented in four different ways, On each trial, one of these words was displayed
upon the computer vdu, appearing elther in the centre of the screen, to the left, or to the right,
8imultansously with this visual presentation, subjects heard one of the words laft, right or aentra,
spoken over stereo hendphones. (The voice was recorded ae digitised speech, stored in computer
memory and replayed via a digital-to-analogue converter,) The spesch was also presented so as to
seem to come from the left, the right, or the centre. During a sequence of irials, ail possible
combinations of thess four attributes wera presented to subjects. Consequently, In some cases the
composite was entirely congrusnt, /e the text, its position on the screen, the spoken word and its
peroeived location all conveysd the same concept. On other occasions, one or mors of the components of
the stimulus could disagres.

For sach trial the subject was given a ous, displayad on the computer ecreen, indicating to which
of the four aspects of the stimulua the attention was to be directed, The subject's response was made
by pressing one of three touch pads, placed in a row and corresponding to LEFT, CENTRE and RIGHT,

Thus, for example, on & panicular trial the subject might ba given the cue TEXT, and be presented with .

the word ‘right’, printed to the left of the screen, whils hearing the word 'centre’ In the right ear. The
cue would direot the subject to respond on the basis of the printed word, and hence to press the right
hand button, In this example, the auditory location (although not the spoken word) would agree with the
selection of 'right’, so that one other atiribute was congruent with the target. In general, 3, 2, 1 or 0
other attributes cculd agres with the required responss,

Resuits

It was reasonable to sxpect that the extent of the congruency betwesn a targst atiribute and the
remaining thres componenta of a stimulus would affact responss times. Figure 1 summarises results,
which are the mean reaotion times of eight subjects, to stimull of increasing degres of mismaich. As
oan be seen, the expected trend is largely present and Page's L Test shows it 1o bs atatlstically
signitieant (p = 0.08). Clearly, complete congrusncy between stimulus components (/e ali thres non-
target atiributes congruent with the target) lsads to the fastes! tesponse times. Even the pressnce of &
single mismaishing component produces a marked elowing. Responses are etill further delnyed, it only
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ana or no ather components agree with the target, although thess two situations seem to produce equally
slow reactions,

R.T. (ms)

1300

1200+

1100

0 1 2 3
No. of ltemes Incongruent
Figure 1 Effects of increasing incongruency upon rsaction times

The above results demonstrated that a single incongrusnt element within the composite stimulus
would impair response times. 8ince attention tends to be dirscted to & modality, it was pradicted that
the singls mismatch would be most damaging when ocourring in the same medality as the target. For
sxample, supposs a aubject were instructed to respend on the basis of the spoken word, It would then be
plausible to suppose that an incongruent lcoation by ear would be more damaging than elther a
mismatching screen looation or printed word, The prediction wae supported, with mean response times
to same modality mismatches being 128 ms longer than mismatches in the other modality, The
differsnce was significant (p < 0.025, 1-Talled),

Discusslon

The results arv a strong Indication of the dealrabllity of repressnting spatial information by
combining as many congruent stimulus atirlbutes as possible. This is not unexpected, since, ss was
painted out in the Intreduction, It is the normal earth-bound experlence for visual and auditory
information to convey the same 'message’. Perhaps of more Interest is the finding that a falivre to
deliver congruent [nformation is mest damaging when the mismatoh ocours in the target modality, The
Impllcation of this is that resporises to auditory signals in a cockplt would be significantly faster, if the
sounds also conveyed an approprinte dirsctional aeneation,

Having concluded that there are potantial benelite to be derived from the use of localizable sounds,
attention must now be turned to the question of how such sounds should be produced. At first, this may
seem a relatively trivial problem, since there is no remson why a pilot wearing headphonst should not
tecelve & stereo palr, rather than an Identical mono signal to sach ear. However, the directional
characteristics would have to be synthesized, sincs auditory warnings and messages in the cockpit
snvironment are not intrinaically localizable, Warning sounds could In principle be recorded in stereo,
for play-back when requimd, but a problem would arlse when the pilot turned his head. Bince the sound
source should seem 1o stand stlll, it would be necessary to modify the signal, to represent a new
direction in relation 1o the head. The required haad position sensing s achievable, but are a multitude of
tecordings, for every possible head angle, a feasible oplion? Even if the answer were “Yes', it would
not be & technique that couid be used for radic messages, which, being unpredictable, could not be pre-
recorded. 8ince the only viable approach would ssem to bs to synthesize ths correct sound
characteristios, it ls necessary 1o examine the precise nature of the direction algnature carried by
natural sounds, and whioh it would be hoped to reproducs,
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Auditory lecalizetion euss

The nature of the cues’ which enable the direction of a scund source to be percelved have been the
subject of research for & considerable time (7). Good accounts have been published of the mechanisms
involved (see for example 8), and only a brief explanation will ba givan here.

The brain utllises two classes of information, which the ears extract from a sound; temporal and
spactral. Figure 2 represents sound wavaes approaching a listensr from front right. it will be seen that,
when the sound first ataried, the vibrations of the alr must have reached the right sar before the left,
The size of the timing dieparity will depend upon the source/head angle, and for sounds directly to one
side of the head the delay to the distant ear is of the order of 700 us. it is also apparent that, as wall
as the time difference at the start of a sound, the same disparity is continually reflected in the phase
differance between the two ears. Hence, at the moment represented in the Figure, the right ear is
experiencing a maximum in air pressure (a wave crest), while for the left that particular crest Is yet 10
arrive, Tha brain uses such phase diffsrancas for dirsction eatimation, aithough it only does so for
sounds with frequencies lower then approximately 1500 Hz. This restriction arises, since at high
frequencies the spacing between wave cresic is less than that between the ears, 80 a glven phase
difference could be produced by more than one sound direction. The lack of sensitivity to phase at
shorier wavalengths thus avoids the problam of ambiguity.

Figure 2 A rapresentation of sound waves passing a listener

Although higher frequency sounds cannot supply useful phase Information, they do give rise to
inter-aural spectral differences, Figure 2 aiso represents the shadowing etfect of the head, with sound
waves 1o the lelt, away fiom the sound source, being of smaller amplitude. In other words, the leit ear
signals a quisier scund than the right. This Intensity ditference |s alsc used by the brain, and
Interestingly, it comploments the phass cus by bscoming unavailable at wavelengths longer than the head
width, This Is beoause sound waves bend round cbstacies smailer than thelr wavelength, so casting
negligible ahadows. 8ince most sounds (apart from pure tones) comprise a mixture of frequencies, the
preferential shadowing of the higher frequency components gives rise 1o a differsnce between the
overall specira recelved by the two ears.

As well as the spectral effecte of shadowing, the pinnae (var flaps) cause more subtie modification
of the received sounds: an effect also monitorad and utilised by the brain. The way in which this effect
ls brought about Is shown diagrammatically in Figurs 3. Bound waves entering the ear may do sa by
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passing directly down the auditory canal, or aftur refleciion in the foide of the outer ear. Eventuslly,
waves from the different rovies join together, ard wi!l mutually interfere. The interference arises as &
result of phase differences between the waves, caused by the differsnt path lengths covered.

Figurs 3 Seotion through pinna, showing direct and reflected waves

The tesulting combined wave may be of high amplitude (loud), If the waves happen 1o end up in
step, or may be effectively absent, Il there ls a half wavelength discrepancy. In & complex sound, of
many frequencies, the net result is that some components will be received with much more intenaity
than others, but which ones ars affected, and by how much, wili depend upon the angle at which the
incident waves sirke the pinna. The process le directly analogous to the colouring of white light, when
it Is reflected aimultaneously from the upper and fower suriaces ol an oil film on a puddle.

Lett

““Right AV

"

1 2 a 4 Time (me)

Figure 4 The sound of a 'clap', recorded at the left and right ears

Figute 4 reveals the comblned affect of the mechanisme described. |t shows the waveforms
recorded in the left and right sars of a listener, when raceiving the sound of a single hand clap, The
sound uriginated from the front-left of the listener, and It will be sesn that corresponding features in
the two waves arrived earlier in the left channel. It (s also clear that the overall amplitude at the more
distant right- sar was reduced, and that thers is a particular reduction in the higher frequencies,
revegied in the amoother outline of the right waveform.
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The simulatien of lecalization

An Ideal aimufation would attempt to synihesise all three of the above auss, for prasantation to
the listener, but they are not equally sasy to generate and may not all be sssential. The temporal
disparities (onset times and phase differences) are the easiest to creats, since it is only required to
Introduce a delay In the signal path to one or other ear. Of course, for real-time changes, the extent of
the delay would have to vary with the simulated head/source angle, but modern digital techniques can
readily achisve the desired effects. It is interasting 10 note that commarcial recording companies aveld
temporal diflerences between recorded stereo channels, since for play back vin ieudspeakers the timing
effects would only be preserved for listeners sitting exuctly midway beiween the speskers. 8ush
tecordings rely only upén the amplitude differences between the left and right ehannsis. To simulste
thess ampiitude dilferences is alightly less simple: overall amplitude changes are saslly Introduced, but
It will ba recalled that shadowing is most marked at the higher frequencies, so there is a need for
selactive, frequency dependent attenuation, The subtle colourations of the sound imparted by the ear
flapa represent the greatest challenge 1o simulation, There wauld be a need to process left and right
channels separately, passing each through a comb filter, with ever-shifting pass and stop bands. The
temptation Is that, if any oue ls to be omitied, then thia should be it, Unforturately, the effects of the
pinnae are Important, and without their sound modifications, sources tend o be perceivad as balng
lateralised inside the head, rather than appsaring to exist at a point outsids the cbserver (8, 10, 11),
Nevertheless, since it seemed likely that even a rather unsophisticated stereo simulation would be
better than none, It was decided that an initial exploration would not attempt to mimio pinnae effects.
Moareover, the grosser spactral effects of head shadowing would only be reprasented relatively crudely,
The precise nature of the sounds used, and the means of synthesising them, have been reported (12), but
the significant features of the experiment are descrived below.
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Figure 8 Arrangement of apparatus in Experimant il
EXPERIMENT 0
Retionale
The expetiment wae designed 1o determine whether stereo warning sounds would elicit faster

responses than simple, 'mono® sounds. Figure 5 conveys the nature of the set-up. Subjects sat at an
Apple computer, which contrelled the administration of & simple tracking task. The hoop, around the
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subject's head, supported eight, equally spaced light emitting diodes (LEDs), and from time 10 time,
while the subject was tracking, an LED was turned on by the computer, Having detected this, the
subject was required to enter the LED's number (1 to 8) on tha computer keyboard, Tho time from
switch on to entry was recorded automatically, and the LED was extinguished. The subject wore a palr
o headphones, and a computer-generated warning sound could be dellversd over the ‘phones, when an
LED was lit. These sounds could be given a synthetic directional quality, intended to convey the
sensatlon of coming from the direction of the illuminated LED.

The sounds conslstad of brief 'blesps’, comprising & range of Irequencies, As In Experiment |, the
signals to the two sars were Indepandent, and wers sent from the computer, via digitalto-analogue
converters, It will be seen in Figure § thal an arm ls shown, connected to the hesdband of the subject's
‘phones. This was a pivoled arm, which did not greatly impede the subject's movements, but supported
a potentiomeler, used to monilor head position, The computer used the direction-of-regard information
to manipulate the sound, so that ite direction would ssem to be constant, aven when the subject turned
to find the LED. The phase characteristics of the sound changed smoothly with head movements. That
is, the timing ditferences between the two ears faithfully emulated those to be expected from a real
sound source. However, the changea in amplitude of the different components, such as would have
ocourred through head shadowing, were only made In rather coarse staps. Only eight digitised versions
of the sounds had been stored, each with & different speotral composition, Conssquently, instead of
changing smocthly with hesd movements, the tonal quality of the sound could only be altered In discrete
steps, every 22.5 degrees of head rotation.

Mathod

Subjects sat at the vomputer and, following Instructions and Initial practice, began to carry out
the tracking task, Thia required the subject to use & joystick, In order to kesp a cross in a moving
aquare, on the computer vdu. Thraughout the experimenial perlod tracking performance was monitored,
Once the subject had L acome famillar with the tracking, the first LED signal occurred. The cholce of LED
was random, each of the elght being used three times in a blook of trials. Once the subject had
extinguishad tha light, by typing Its number (which was printed on the hoop, beside the LED), there
followad a random Intarval of batwaen 4 and 12 swcods, afero the next LED was turned on, Tracking
sontinved during the inter stimulus Intervals, Three types of trial blook were Used: with no warning
sounds, with centrallsed bleeps, or with |conilzed warnings. In the case of the central blssps, the two
ears received: ldentianl signals, which did not change with head angle. Subjecis were informad prior to &
block whether sounds would ba used, and In the localized condition were told that the bleeps may seem lo
come from the light direction, The ordar In which the thrus oconditions were presented was
counterbaianced across subjects.

Resuits

Not surprisingly, the tracking performance was poor In the no warning eondition, since subjects
were required continually to look away from the task, 1o ohevk on the LEDs. Performance in the other
twe condiions was beiler, with no significant ditference betwesn them, since in elther cass a subject
could cancentrate upon the tracking task, until a warning was given. The times to respond to the signal
ate shown graphically in Figure 8. Responses in the sllent condition ware predictably slower than in the
warned conditions, but of more Interest, responses following localized warnings were significantly
(p < 0.01) faster than with central blesps.

Discuswion

At Just ovaer 300 ms, the time saving when responding to loculized warnings was not great.
Nevertheless, one third of a second la not a nagligible Interval, In the cockplt of a fast jet. An
examination of individual responses reveaisd considsrable inter-subject differences, and Indesd,
differsnces in response times to different lccations, for a given subject. This eflect must have been
dus, at least in part, to the nature of the localization cues. For the experimenter, the directional bissps
parmitted Inrge time savings; because -he had consilerable experience of the stimull, but some eubjecty
apposted to gain relutively little from the directional warnings, particularly for some ditections. The
sxpatimental subjects were deliberately only given pruclios with the tracking task, sinte in everyday
Iife we do not nermally practics out sound localizing skills, The fact thut some bansfited lesa irom the
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directional sounds may presumably be atiributed to the lack of fidelity in the speciral cues, although
thers are doubtisss aiso individual differances in the ability to looallze natural sounds.
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Silent Centred Directional
Warning

Plgure 8 Mean signal respenee times in Experiment |i

Taken togethe:, the results of these two experiments are a strong Incleation that Imposing
synthetic direction cues upon sounds wlill facllitate the acquisition of spatial information. Morsover,
even rather crudely represented iocalizing cues oan begin to yield these improvements, It is to be
expecied that a refinement in the quallty of cuss will lsad to a greater improvement in petformance.
Howaver, this prediction needs to ba tested, and research is now progressing, uaing a dummy head, with
microphones In Its rubber ears, to produce the required auditory stimull,

The sxpetiments reported In this paper have concantraled upon determining responss times to
disarete events, since this is a useful means of evaluating subject/stimulus interaction. Howaver, If
situational awareness ls truly improved, then, although reaotion times to specific stimuli will of course
be reduced, this will not be due simply to the nature of those stimull per se. The improvement will
result from the general enhancemant of situational appreciation. In these preliminary studies, such an
overall effect could not be ashleved, and s damonsiration will have to await a larger scals simulation.”
It will come about as & result of imparting an arlifiolal dirsctional quality to all auditory signale. In this
way the pllot would receive frequent reminders of his orlentation, with respect to signal sources both
Within and outside his cockpit. Early results of tests with the dummy head offer some support for this
statement, Subjects listeried 1o n sariss of sounds, which had besn recorded In sterso, vis the dummy's
ears.  Localizing accuracy was assessed, by asking subjects to mark on a plan the position from which
sach sound sesmed 1o come. Theas poaltions were later compared with the actual locations during
recording. The test was repeated, in two conditions. In one, the sounds were produced just as desciibed
above, but duting the other trial they were accompanied by a constant ‘bleep', from a fixed location,
marked on the plan. This background nolse, although (rrelevant to the task, provided a reference paint -
offectively improving situstional awarsness. The location judgements were significantly more accurate
under this condition,

All the results reported in this paper are encoutaging and, allhough sars wili never be as import-
#nt 10 & pilol as eyes, one looks forward to a time when the human can be just a little bit more like a batl
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by

Terence ) Lyoiw, Kent K.Glllinghum, Don C.Teus, William R.Ercoline and Carolyn Oukley
USAF School of Actospace Medicing and Krug International
Brooks AFB, Texns 78238-5301
United States

SUMMARY

An initlal version of an Acoustlo Orientation Instrument (AQI)--in whioh airspeed
vas dlsplayed as aound rroquonu{ vertical veloolty as emplitude modulation rate, and
bank lﬂ!l‘ as right=laft latera Izltlnn-- wan svaluated in a Te40 (Link GAT«3) motione
based aimulator, Fiftesn pllats and thres noen-pllots were taught to use the AOY and
flew simulated flight profiles under condifions of neither visual nor suditory
instrumentation (NO INPUT), AQI signale only (AOI), T«40 simulator lnstrumentation only
(VISUAL), and T=40 simulator instrumentation with for signals (B0TH), Bank eontrol
under Aof conditions was significantly better than undsr the NO INPUT condition for all
flying tasks, Bank control under VISUAL conditions was significantly better than under
the AO1 condition only during turning and whan purforming certain complex secondary
tasks. The pilots’ |b¥llty to uss the AOl to control vertical valoclty and airspeed was
leas apparent, Howsver, during straight-and«level flight, turns, end descents the AO!
provided the pllots with sufficlent Information to mulntaln controlled flight., Factors
of patential importance in using sound to convey eircoraft attltude and motlon
information are discussed.

INTRODUCTION

Spatial Oisorientation (SC) is ons of the msejor causes of military alroraft
ageidents; according to the U,S. Air Force Inspection and Sufot! Center it has caused
or contributed to spproximately L4X of all ISAF cluss A scoidents from 1980 through
1986, In 1988, for example, it was contributory in 12 cless A Mishaps, SD i3 slso a
problem in stvia aviationg {t cuuses 16% of fatal general aviation sccidents (1) and
12% of fatal airline acoidents (2). Commonly SD ococurs as a result of distractlion or
task saturatlon, when the pllot's visual system ls oooupled with processes othar than
upu&i;t orientation, sush as searching for other wircraft or exaninlng something in the
cockplt.

1t is interesting to compare the percantage of operetor=errar mishaps caused by 50
for diffevent flghter/ettmok airgraft, The percentage is greatsr in cartein newer
altoraft, SO mccounts for only 19% of Fe4 aguldents and 20K of Ful% scoldenta, but Por
35% af Fel6 accidents (3). In many respects cur most modern alrcraft pive less warning
of a shanga in attitude thun older models becauss of the loss of suditary end other
non-vigual ocuss, An F=4 pllot recognizes uhnngln in airapsed by the nalsa of the wing
tush as spaed inareases, Tha responsiveness of the F.a controla also changes with
alrspeed, In the F=16 the qulet cockplt gives much lews warning of airspsed changes,
The Fal6 conttol lnput s vis pressure sensors fo the Pilight unmgutur ("fly by wire"),
giving the pilot minimal tactile ox progrlonlptivo Peedback, Maloolm oonttnnzs the
tlohnass of the sensory sxperience of the Wright brathers Flying exposed :o the wind
and elements to that of the modern r-16 gilot rnlzinu anly on c#ntral vislon to obtain
attitude information from a 2«inch-dismeter flight Lnatrument (4), The raduction in
guréoty of sensory inputs lemvas the visual modality to carry most of the information

aed.

The spece avallable for visual Lnstrumantation is alsg restrioted in anntomgorlry
flfhto: alroraft, The switoh from the two-seut F4 to the single~seat Fal® und F-ls
halver the number of available cookpits for instrument Ylunomunt. and seating the pllot
high {n the sircraft hay further restricted the availahle instrument panal area of tha
gontemporary flghtar, For example, the F-4 attitude Lndicator is larpe ¢ 12.7 om in
dllmutlrl and st Just below design eys level, In the F=1% and Fu16 thase instruments
are smallur (7.6 em and 3.1 cm in diumeter, respectively) and ﬁlnn-d lover (3% degress
and 28 degrees below dssign wye Level, respmctively) than in the Fed (89,

Thus two major problems ln cockplt gdeslgn whith predispose to spatiul disorienta-
tion are hunvg visual workload and ingdequatn ettitude displays. A potential solution
for these probleams Lnvolves the use of other senscry modelities. tnvest{getors have
shown that the pllot eun handle more information by using other swnsory madallties to
aupplement vision. Theze s & signifiosnt increase {n processing capaoity {f both
inputs and outputs are on different modalities) l.e., wpesch resporss to auditory inmput
and manual response to visual Lnput (8), An obvious wxample Ls the gilot flying an
instrument approach and simultansously talking to Alr Traffic Control. Auditory signals
are effective for warnings--thy aversge react{on time to suditory signals is 1/¢ seeond
compared to 1/5 second for visusl dnput (7).
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By Including directlonal Information In acoustlic signals dslivered via pllot
neadscts, the numbsr of passible uses of acoustlc Inputs In flight (s Increased (8).
Acoust!c slgnals using sound locallzation, for exarple, could d sglny the directlion of
threats or orher targets (9)(10), Spatisl information dellvered by auditory cues may
?efgggzl??npalllng than visual lnput and produce less Interference wlith other Inputs
9 f

The possibliity of using scoustic signals to convey fllght control/performance
intorat fon was demonstrated in flight as ourli as 1936 (12), In 19453 Forbes

demonstrated Lhat ludllnrg signals for at least threc control/performance parsretecs

(for sxerple: turn rate, bank angle, and alrspeed) were néeded to maintain controlled .
straight-and-level fiight in an alreraft simulator, After tralning for one hour pilots
were nale to attaln performance levels corparable to those cbtained with visual
Instrunents (13). Ne'thsr of the above Invastligators provided informatlon conccrnln?
the vertical motion of the alroraft (i.e., pitch, altitude, or vertical veloclity). 1]
1948 Correll Asronsutical Laboratory ovliuutcd ‘ho f!lllblllty of uslng acoustic
1ignals to preasent glide path Information (14). In 1952 Humphrey designed a system
using acoustic slgnals to provide altitude Informatlon and course guiuance (15),

Sound proved to be most useful, and was easy to learn, when It rspresented only one
dimension of ajrcraft attlitude (lss. Ellls used pulse rete to present alrspeed
Informatlon to a Rllot subject parformlni a visual tracking task In a flight simulator
(17), Thls wes the first study to quant f{ parformance whan acoustic signals were used
and to analyze results statistically, Pllot performance was slgnlflclntly batter with
the sound presentation alone than with the visual alrspeed instrument alone. Hasbrook
evaluated pllat performance with surel Input, visual Input, and both Inputs canblned to
control of a single paremater (glide slope) (18). After onlg 20 minutes of practic~,
g;u ?llotlleOW!d no slgniflcant differences in performance between the different

splay modes.

None of tha above Invastligators evaluated a systen capable of providing alrcraft
gontrol through a variety of manesuvars such as turns, deucents, etc. Nelther did these
Investigators evaiuate the effect of these acoustlic signais on the abllity of pilots to
perform other cockplt tasks, although Forbes demonstrated that these auditory signals
dld not Interfere with radlo transnissions. Hasbrook speciflcally exempted the pllot
fron distracting tasks In order to test the acoustlic device,

we wers Intarested {n the palring of acoustic signal parameters with afrcraft state
pareTwtets, DeFlorez, Forbes, Hurphrey, and Cornell all used soms varlation of
Intaraural intensity differences to convay inforrnatlon about turn or course deviations.
Sound rroquonc{ (aural pitch) was vatlously used ta Indicate bank angle (13), mltituds
(18), or deviation from glideslopy (14). Forbes suggested using signals that "sounded
like the behavior of the alrﬁlcno" such as & puttsputt sound for alrspeed. QOthar
Invastlgators (s.g., Hasbrook), howevar, have bsen successful In unlnP saunds
arbitrarily assigned to a paranater; for ex lea,the Morse code "A" (Wdlt deh") for
above gllide 3lope and the Morse code "N" ("dah dit") for below gllde slope.

Acoystic signals have been used o orltlonlll{ only to present pllots with
intformation on a single flight pareveter. Early low frequency/medium frequency
navigation signals represented course deviation with an acoust!ic signaly a Morse vode
"A* for one direction and a Morse code YN' for the other. These signals would fuse into
a steady tone of 1,020 Mz when ths alroraft was on courss (19)(20). The F-4 currently
Incarporatas an angle-of<attack (ACA) wural tone Ind!zation. Changes In both plteh and
pulse rate Indicate changes In AGA, thus halpling ellaet recognlze dangerously hlgh
AOA's and also assisting them In malntalning constant AOA on final approuch.

To free the pllot's visual systen from the task of constantly monitoring alrcraft
attitude and wotion, we nrnvidad tha nilnt with auditorv snatia]l nrisntation
information by means of g complementary flight Instrument called an "acoustle
orlentation instrument™ (AO!). The purpose of this !nvestigation was to avaluate the
abllity of pllots to use sound sigrals tc heip control an alrcraft In flight at {lmes
whan thelir vislon Is oocupled with tasks other than primary sircraft control, The
premise 1s that the additlonal aurclly presented alrcraft control informatlon will halp
pliots to fly wiih greatar preclsion and safety, as they will be less llkol{ to become
ngutlnlly dleorlented., This study was designed Eo examine, In a ftilght simulator, the
a lllt{ of pllots to use an Instrument that sncodes alrcraft flight parameters into an
acoustle signal for controlllng aircraft attitude and motlon,

MATERIALS AND METHIDS

Fllght manauvers wers performned bg the subjscts In the USAF Schocl of Asrospace
Medicine (USAFSAM) T-40 (Link GAT-3) Pllight simulutor equlpped with an Acoustic
Otlentation Instrument (AQI), This simulator Incorporates motlon with up to |3 degrees
of nusc-ug and 4 degrees of nose-down pltch rotatlon and 13 degrees of right and jeft
roll rotationy It enploys the ususl washout, washback, and scalling common to
sophlyticated motlon-based flight simulators, Amblent nolse levels In this slmulator
were measured with third-octave bands, 1.evels peaked at 20 Hz (82 dB) and 120 Hz (78
dB). Above 12) Mz nolse levels steadily decreassd. From thess measurements we
determined that a reasonabie opersting range--200 Hz and above--wss avallable for
suprathreshold use of the acoustic device without overstimulation,
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The AD! converted sircraft flight dats into auditory Information by shaping an
acoustic aignal delivered to the pllot through earphones, The AUI was controllsd by the
relatively slowly-varying anulog signnls from the simulntor; these signals also
controlled the roadings on the traditionsl dial indicators for instrument flight. For
this experiment the AOI mapped the changes in three flight parasmeters upon different
dimensions of one acoustic signal,

Airspeed was represented as frequsncy (repstition rete) of s square wave whiah
increased as airspesd inoreased, The square wave is opetated upon to construct the
other scoustic signhals. The mean ar centar fraquenox of the acoustie signel
repreasenting airspesd was monotonicaelly rvelated to alrspeed: e.g., an sirspeed of 100
knots would create a 100-Hz acoustic signel, and an wirspeed of 800 knots would create
a 2,0n0-Hz signal,

Bank angle was indicated by intersural intensity differences--the signal ampiitude
in tha sar on ths same side as the dirsotlon of the bank was inpreasdéd and the
amplitude in the other ear vas decrsssed. Tha simulator control |12n|1 for bank was
used tn control a dipital attenuator in the AOIl to reduce the acoustic signal to one
ear. Interaural intensity differences wers not sufficlent to allow suitabls
discrimlnation of bank angles over the desired Pull range of +/-30 degrees of simulator
bank, We therefore set limits 1n the AOI so that the Interaural 1ntensit{ difference
resched {ts maximum at +/- 3 dagrees. For simulated bank angles greater than 33 degrees
a "wavering" sound was creatad b{ modullting the square wave amplitude to warn the
pilot that the Lank angle was axtreme. Aural presentation of bank angle information
reguirsd atesreophonic marphones: we used conventional Koss K-é "hi-fl" phones.

Vertical velocity was represented b! MOGUIICLHY the amplitude anvelope of the
aguare wave. Whan altitude was nalther lost nor galned there was no temporsl modulation
of the acauatic signal. When vertical velocity exceeded 100 ft/min amplitude modulation
(AM) was Limposed upon the signal., Tha rate of change of the signal amplitude was
progortionnl to the vertical velooity. When the simulated aircraft descended the
amplitude of the siYnll became greater in a ctescendo fashion. whan the sound intensity
reached a predetermined maximum level, the intensity returned tg a predetermined
minimum and rose agein, thus generating a sawtooth modulation of stimulus amplitude, A
climb caused @ decrescendo signal, with the rate of fall in signal amplitude
proportional to the ascent rate of the aircraft.

Fiftsen pllot voluntears, althar military or clvilien pllots with an {nstrument
rating, were selacted to pnrélclplta in tha study. Medical requirements lnocluded the
pnssession of a USAF Fl{ing Class !I or an FAA Cluss I1I medical certificate and an
affirmatlion by the pilots that thuy had no symptoms referable to balance and haaring.
Thres nnn-pilot nubfactn ware aiso instructed in simulator flylng end tested. All o

the subjects were allowed to practice flying the simuletor ad 1ib both with end without
the ADI until tho{ felt competent to fiy the simulator under both conditlions, Most of
tha subjects practiced a total of about two to three hours, The actual axpecimant
consisted of a simulstor Plight lasting approximately one hour.

Variables recorded inaluded asirspeed, bank angle, vertiocsl vclouitﬁ altitude, and
heading, Alrspeed, bank, and vertiuaml vuinu1t¥ had acoustic analogs, W f1e altitude and
heading did not. fhe voitags signals representing each variable were sampled st 200
masc intarvals, czonverted to appropriate units (e.g. ft/min for vertical veloclty), and
printed uut. For statistlcal lnll{lll, the mean squared error (MSE) and mean sbsoluta
arror (MAE) of deviation from cdesired valuss for each of the flight parameters of
interust were veloulated for wach coritical l- or Zeminute segment of the protocol.

%ngggg?gnt L. The purpose of thias firet series of experimental simulator flights
was To evaluate the abllity of pilota to use aural signals to parform s varietg of
flying tasks, Esch subject flew a ssaries of basic alferaft control manuvers which
included straight and level fllsht, a level right turn at 30 degrees of bank, and a
wingc-lavel descent of 1,000 ft/min, Each of these maneuvers was flown for éwo minutes
under sach of three expesrimental conditions:

él) Nelther visual nor wuditory {nstrumentation (NO INPUT)
2) ADI signals onl{ (u01)
(3) T-40 sinulator Instrumentation only (VISUAL)

%32*;131g;“3. The purpose of ths second series was to sveluats the abiliiy of
pilols to use wurel s{gnals, alone and {n combination with visusl signnln. to control
the simulator in straight-andulevel Plight while distracted by sscondary taska. There
wara two sepsrats two-minute protocols involving the addition of secondary taaks
(distractions). Euch protocol bagan with a one minute segment ‘of straight and level
flight. Durlng the second minute of esch protocol one of two tasks wes Introduced. The
first task required relponding first to & racdio call to changs & radio Prequency and
then to a request to changs the transponder cods (RADIO)., Accomplishing this task in
the T-40 lnvolved bending aver end to the rigit to the lowsr portion of the console
batween the l1eft and right seats. The second task required looking up am redio frequency
ins fllght pubiication and changing te thel frequency (LOOK=UP). A paneral ANOVA was
puarfarmed testing the interaction of task per’ormance with the various conditions.
Gansrally, flying performance was signifioantly worse duriny sscondary task perfarms
ance. If in elther task s frequancy code was dialed incorreclly, the inside ubssrver
ropeated Lhe Prequency or code to the cubject until it was #ntersd correctly. |
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Effectivenaess of task performance was measured by the time it took to correctly
complete the task as measured by the Inside observer, Each of thsse protocols was
flown for two minutes under sach of four experimental condltlons:

1) Nelthar visual nor audlitory Instrumentation (ND INPUT)
2) ADL ll?nlll onl{ (

3) T-40 sinmulator lnstrumentation only (VISUAL)

4) T«40 simulator Instrurentation and AD! sipgnals (BOTH)

Eaoh of the subjects ware presented thess various condibions (NO INPUT, ADI
visUaL, an in o different order, selscted randoniy, without replacement frorn the
24 possibilities to minimize possible order effects.

RESVLTS

The Shaplro«wilk Te t for notmullty showad the mean absolute eryor (MAE) and the
maan squared error (MSE) values for the 18 subjscts' performance metrics ‘o be
essentinlly normally distributed. Examination of the 'distributlion of Individuals that
the thres non«pilot subjects' MAE and MSE performances wers distributed differantly
from those of the pllots. This was confirmed by Box~Jenkins plots to detsct outllers,
which conflrmed that these 3 subjects In .mny cases fel] outside of the normal
distribution formed by the other 15 subjacts, Thus, for the statistical analysis
presented below only data for the 13 pllot subjects were used.

The MAE and standard deviatlon (SD) for each combinabion ot condltlon end flyln?
Lask are shown in Table I for Expariment | and {n Table I! for Experiment 2. The 5D's
of both the MAE and the MSE varled markedly betwsen the various cenditions tested,
making statlistical Inforence testing with the MAE and MSE data sovewhat difficult. The
standurd deviations of the performances data were highast for the NO INPUT conditlun
becams progressively smaller for the ACI and tha VISUAL condition, and ware smaliest
for the BOTH condlitlon, The SO of the MAE for bank contol under the NO INPUT conditlon
was In most cases more than 10 times that under the VISUAL conditlon, and the SD of the
MSE for the NO INSUT condltion was In most cases more than 100 tlmes that under the
visUAL cond!tlon, These atandard deviatlons were much more corparuble after a
logarithmic transformatien of the purformance dats. Logarithnic transformations of the
MAE's and the MSE's for sach pllot subject were used for each of the specific
task/conditlon corbinations. Two-way snalysis of variance procedures ware usec to
compare the conditlions for sach experiment. Followsup Duncan's multiple range tests
were used to detarmine spec!fic differences In the condltions for each task,

gugprﬁu{_\. Flgure 1. shows the effectiveness of bank contrsl for the initial
ssrlen o ying tasks (with no secondary tusks mdded). Bank gontrol waa ulgnlflcantly
betier under the AO! condition than under NO INPUT for each flying task. Alfhough
per'ormance was snnewhat better for the VISUAL conditlon than Por the ADL, the only
ttatiotically slgnificant difference oocurred for the level right turn (Table 1113,

Flgutes 2 and 3 show the results for vertlcal voluult¥ and alrspead, Error was
lens In the A0 conditlon than In the ND INPUT cundlitlon Por both these variables, The
ADL conditlon was asscciated with llnnlflulntl; battsr contrel of vertical veloelty and
nlngud during descent and level plight turn, For all three tasks, the error was lewst
for the VisUaL oconditlon; and acontrol of vertloel voloclc{ and alrspeed under the
VISUAL condition was, In all cuses, significantly bettar than under the AD! condltlon,

Eﬂﬁilfl‘!ﬂ&. » Results In Experlment 2, for control of bank, vertical voloclt{, and
alrspued wers similar to those from Experiment |. For Experiment 2 results for the
BOTH condition are also shown, and performance after the addition of secondarv tasks
(dlntrantions) Is mvaiuater,

Figure 4 shows ihe results for bank control In the second expariment. As In
Experiment 1, tank control was significuntly batter under the AD! conmditlon than undar
ND INPUT for all flyinp taske. Bank control under VISUAL condltions appearsd somswhat
better than under AQL, but the differences were not statlstlcally ll?nlflount sxcept
during the LOOK UP task, Bank control was better undet the BOTM uondltion then under
VISUAL sxcept durlng perfurmance of the LOOK-UP task, but thess results did not mchieve
statistlicel signiflcance (Teble IV).

Flgure 3 shows the relative sffectivensss of vertical veloolty contro! for
Experiment 2. Control of this parwmeber was signiflcantly better under the AD!
condltlon then under NO INMUT tor some af the lylng tasks., For most tasks, however
vertical veloclty control was alsc significantly belter under the VISUAL conditlan than
under ADI. Cantrol under the BO™ condition was significantly better than under 201 {n
every cese.

Flgure & shows the relutive sftectivenass of alrspmed aontrol during this
sxperiment. Alrspesd control under Lhe AOI condibicn was signiflcantly better than
under NO INBUT for the look ug tusk, Moreover, control under the V18 cenditlion was,
in wu‘( case, significantly better then under the AD! condltlon, and BOTH was better
thuy ADY In neatly evary case,

Figure 7 shows the sffects of the varlous oonditlons on unondu{ task performance
&3 messured by tlme to Lask completlon, The ANDVA showed significent differsnces

i = 88 e A BB A e e 4 e e =
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TABLE 1. Performance of 13 pilot subjects during Experiment #1. The mean absulute
error (MAE) and standard daviation are given for each combination of parametsr and

conditiaon.
RO INPUT 7ot VISUAC ‘
BANK (degsees) ‘ :
level Plight 15.4+3.96 2.740.42  1.840.20 ;
r4ght turn 22.842.78 10,042,335 3,140,26 E
[ descent 22.14+3.16 4.6+1.38 1.9+0.18

VERTICAL VELOCITY (fset per minute)

level flight 721+149 485+68 22%+24
4 right turn 1670+118 10474123 225%+38
descent 1049487 611+31 223+21
AIRSPEED (knots)
lavel flight 13.9+2.14 10,942.60 4,640,92
right turn 32.243.712 22,1+8.37 4.7+1.37
descent 22.9+2,.12 16.742.79 7.3+2.02
da:?gtf 11. Performance of 1% pllot subjects during Experiment #2. The MAE and atandard
on are glven for each combinatlon of peramster and condition.
NQ INPUT A0l VISUAL BOTH
BANK (dugrees)
level flight 12.543.25 3.0+0.63 1.8+0.2) 1.440.14
LOOK=UP 26,644,538 6.141412 2,8+0.40 2.840.34
leval flight 14,843,719 2.540.42 1.640.22 1.440.13
' ' RADIO 21.7+4,38 8,140,792 2.640.32 2,440,358
! VERTICAL VELQOCITY (fest per minute)
level flight 7894127 48%+101 222424 205+24
LOOK~UP 13344168 724+124 333446 381453
leval Plight 7784178 4594129 183+21 219432
RADIO 1019+200 7214132 406472 336+7p
AIRSPEED (knotn)
level flight 9.9¢1.,88 8.6+2.23 3.4+0.68 4,841,20
LOOK=UP 24,0+3,58 15.343,90 4,2+40.67 4,840,862
: level flight 10.1el1.98 10.142.03 3.440,48 3.540.99

I

I

RADIO 19,044,258 14.68+2.98 4.540,73 §,440.89 }
|
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TABLE 111, Logarithmically transtormed MAE and MSE partormance deta of 13 pilat
subjeacts for Experiment #1.
N TNROT ) VTEIAC
: BANK
. level filgnt MAE 2.2 90 BT
MSE 4.7 2,2% Lige
rlght turn MAE 3.0 2,0¢ 1 1%e
MSE 6.2 4,5 2,4%
descent MAE 23 l,2e 6%
¢ MSE 3.9 2.9% (Al
| 1
. VERTICAL VELOCITY
! ¢ leval flight ™A 6.2 8,1 8,30,
’ H WE 1207 12-5 llll’¢
right turn MAE 7.4 6.8% 4%
| MSE 16,9 16.0% 1.3%
. desgent MAE 6.9 g4 $.4%,
. . MSE 14,8 13,00 11.1%
|
\ . AIRSPEED
‘ . level fllight MAE 2.9 2.0 1.3%s
. MIE S.1 4,2 2.8%
right turn MAE 3.4 2.7 [i3%s
MSE 7.0 5,7 2,7%
| ) desaent MAE 3.0 2.6 l.8%s
. ' MSE 8.4 3,3¢ 3.8%,
i . sDenotes 3! nlflounn{ batter than NO INPUT,
'i . + denotes slgniticantly hetter then AO1L,
‘ TABLE 1V, Logarithmioally trsnsfarmed MAZ and MSE petformance date of 15 pllot
iubjects for Experiment #2.
E NG TREOT o) VISOAC BSTH
) , BANA
' ' lsvel flight MAE 2.1 19 3 L
; MSE 4.4 2.1% Ly e
i an("\’ W 3\“ l.S' :"4 $ AL
: MSE €2 3.4 L.2% 2.2%4
\ v lovel filght MAE 2.0 N g 3
: MSE 4.2 1.8% Lol® 1.0%
NPDIO M\E 2»7 ‘n\. X1 I
MsE 5.6 2.6 2.0 1.9¢
,‘ VERTICAL VELOCITY
{ teval flight MaE £,8 L L] [IRL2S 5,244
} MSE 13.) 12,3 Ploiea 10,9#4
| : LOK-P MRE 7.0 §.3% 5.7%+ $.8%¢
: : MSE 14.3 12,94 11.8%a 11.9¢s
] laval filight MAE 6.\ 6.0 3.1%4 8,244
| : Mg 12,4 12,4 10.6%+ 10.8%4
; RADIO MAE 6.6 6.} 5,8% 3,64,
MSE 13,4 12,9 12.1# 11.8%+
‘ AIRSPEED
; laval f1ight MAE 2.0 ) {,Q®a [y
! MSE 4,3 3.9 2.2%4 2.7%4
| LOOKLP MAE 3.0 2,4 1,244 1,304
' MSE 6.2 3,0 2.7% 2.8%+
I lavel flight mMaE 2.0 2.1 1o l#a Jolwy
MIE 4.2 4,3 2.4%4 2.3%4
ND‘O MAE 2.4 2.3 TP LN 1.2%s
MK 5.1 4,8 2.9% 2.9%4
\ *Denctes signitio n,{ batter than NO INPUT,
s 4 denctes slgnlfioantly butter than AOL.
: In no oase do VISUAL and BOTH ditfer signitlicantly,
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betwesn the four conditlons for tlme to task completion for the LOXK.UP and the RADID
tasks, Task performance was fastest under the NO INPUT conditlon, This was an axpected
result sinoe many subjects found thet efforts to control the alrcreft under the NO
INPUT condltlon wara largely futlle; consequently they devoted ail thelr effart ko the
secondary task, Intermstingly, for éhe LOOK-UP task, gnrfonnance time was the langest
under the BOTH conditlon, The mean time ta corplste thls task under the BOTH conditlon
(42,8 s6c0nds) was l!gnrflcnntly lon?or than under the VISUAL and AQ! condlitlen ( 30.3
and 32.5 seconds)(p¢.03) mnd the NO INPUT oondltlon (25.7 seconds)}(p¢.001), The imean
time to corplete this task under the ADI ocondltlon was not significantly different from i
; that undor the VISUAL condlition, For the RADIO task the time to compiete the tank was
i equal (27.4 sesondr) for the Vi sand BOTH gondlt ?nl, and was # unlrluungl longer i
. for thowe two apaditlons than for the NO INBUT condléfon (22.3 swconds)(pe,08), The !
maan tine to complate the RADIO task under the AOQ! condlitlon (25,3 seconds) was not !
slgniticantiy differant from any of the other conditlons. ,

DISCUSSION . !

influencing the subjects' abllity ta control flight

The acoust!io lnput ls cleatrly
o parameter most amenable to control by acoustic oues,
.
o

t
glrlﬂltlrl. Bank proved to be ¢
ank parforrnance was better In
The bank MAE for Lhs ADI condlt
21% of 1t In Descent, and 44% o

vel fllght, however, than in a 30-degree banked turn.
n was 16N of the level for NO INPUT In Level Fllight,
1t In Right Turn (Table 1),

The effectivaness of Interwural Intensity differsnces for conveylng infonmation
sbout alrcraft bank can be attrlbuted Lo the salience of varletlons In the blnaural
slgnal and to the mapping of Interaural Intensity diffarences upon bank angle. The AOI
used In this study was set sg that a large ohnnga In Interaucal Intenslity difference
would be generated between +3 and - 3 degreex of bank, With further [ncreases In bank
there was Little further Inorease In {nteraural Intensity difference, but at +/-33
degtees & warning sound was Introduced., !f the imapping of Interaural Intensity
differance upon bank ln?ll ware made to be a differant function, then the perfurmance
would alsc vary, eccording to the functlon., One should be able io produce 8 highly
discriminable reglon by making the Intarsural Intensity difference partlcularly
detallud at a spacifled bank angle. Furthsr exploretion ocould deflne the valuse and
gosts of differsnt funstions imapping Interaural intensity differences upon bank angle,

1
h
1
!
t

As noted above, Interaural Intensity differences alons were not sufficient to allow
disetinination of a wide range of bank angles, One might expeot a more sallent »lignal
to reduce furthar the MAE for audltory control., Several posaible modiflcations to the
golkcoul? rasult In lmoroved dlserimination of Intsrsural differsnces and, therefors,

ank angle,

(1) The AD! dld not provide |n¥ Interaural phate {time dlll!) to help In
laterallzation, Additlonal laterallzatlon cuelng vould be ohbtalned by adding
Interaural time delay.

(2) Appropriate tiltering of the lnput to each ear to provide thres-dimensonal
locallratlon of sound, rather than mere laterallzatlion, could lmprove the ablilty of
subjeats to dlsscininats bank angle,

(3) Both lopullzation (laters]lization) lnd‘ontlflulelon are bettar with cormplex
slgnals than with spectrally slmpls sounds, The incredsed sallence of the Imaga
producad by brasdband rolse Instesd of the syuare wave used In thls study should result
In Improved localization/laterallzation.

(4) The vartatlon In Interaural lﬂtlnllt{ differences should follow a functlon
ralating tha naramptusl nroperty (lanatinn) kn atimus dlmeneinn (Intarmira)
Intensity), At present surphone [nput VOIEHEI {e imupped as a |insar function of bank
sngle. A small chunee In Interaural Intensity around zero lnhlnlll{ differance produces
a Jarge shift |n Jateral positlon of u sound lmags, with the amount of the shift
depending on the [ntenslty of the stimull, As the Lnlul maves to & more |ateral
pogltion, the funetlon should bacome less steep, since greetsr Intersural intensity
?lf?:{oncus arte required to produce egual chungas In limage positlons at more latersl

ocations,

(%) No provision for udiultlng the Inteteural lntlnllt{ ditterences as a funation
of frequesncy ls Included, 1! a constant bank angle !s malintelned as alrspeed Increases
from low to high, the frequency of the sguara wave Incresses but the Intersural
lntonllt{ differancs remalns comatant, Under thase vond)tlona the Image maves towerd a
the midiine, A ptovislon for adjusting the Interaural intensity differsnce as a !
funation of frequenty should be sdded,

vattlanl vulunlty'ﬁrovnd dgiffiouit to control with the AQI unl&. The MAE In the ADI s
condlitlon wes 67% of that with NO INSUT for Lavel Flight, 63% for Right Turn, and 58% ol
for Desoent, we attribute this to two problems, First, sontrol af vertloa) veloclty et
without reference to plich of the alroraft ls cwnwhl‘ diffticult, Attempting to osontrol
the airovaft by using verticsl veloolty (a performance glrunutnrf us opponed to usling
glteh (e control purameter) le contrary to what !s taught In baslo Instrument rlglnq

talning, Swcond, the signal chosen to reprasent vertical veloclty was not sasy to
Interpret, Subjects had some difficulty In dlstinguishing betwean the sound that
Indlouted ascent and the one that Indlcated dsscent. The sounds were descrlbed as

e Y i A s 2 3 1 Vet £ 2 1R B T T T T Rt e e RN
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vtoanfusing" and the difference between them as “subtle", One subject stated that
modifying climb and descent required a "double cognitive effart, Flrst you have to
decide what the slignal means.” This sltuatlon !9 In contrast te that for benk control,
where subjects learnsd lll“¥ (and remembared more readlly) that Incrsasing sound In
one sar meant a banked turn In that directlon.

Sorw of the limitations obsarvad In controlling uneud may be attributable to the
charactetistics of the base signal, There was no apparent difficulty In dlisarlininating
the auditory pltch change of the squats wave when alrspeed varled rapldly; however,
thers may have basn seme loss of pltoh tuuklnv, f.e0., there was some evldence for an
Inabliity to maintain a stesady auditory piteh far a prolonged period, The MAE fot the
AQL condltleon was 78X of that for the NO INMJT condition for Lavel Flight, 69% for
Leval Right Turn, and 73% for Descent. One might expeat lmproved Ecrfarmnnol by
{ncerporating a refersnce pitch to Indicate target alrspued, and by providing a
torporal fram or rhythmia structure for the prassntation of the two signals, target
and verlable, Habltuation, adaptation, or lack of sallence of the sgquare wave algnal
may allow 1t to drop out of awarenses with the usrands of another task, Although a
squars wave has a rlicher spectrumn then a sine wave, s nolse band presents a stli!l
richer spactrun and can have still yreatsr syalience.

Although the scoustic slignals provided usable orlentation Information to the pllat,
the addltion of a secondary task still omused a dn‘udltlon of tlylng performance
(Table 11 and 1V). Furthetmore, the combination of the acoustlc signal with the visual
display may even degrade parfo.-wance of & uoondu;{ task, as evidenced by the feot that
the conditlon resulted in vhe sloweat campletion of the vieusl task (LODK-WP,
ngurn 7)+ Ssveral subjects specificully complained that the acoustlic signal was
botheraoma when thay were trylng to sccomplish the naondurif tasks. Thus the decreased
tecondary task performance for the BOTH condition might be intarpreted as resulting
from an sdditional perceptual load. This finding !s In concert with the known tendency
of pllots to decrease cockplt nolss levels aurlng perlvds of high visual loading. By
talloring acoustloc signals to meet oriterie for "suditory comfort® as well as for
diserimination such perceptual overloading might be avolded. Hl?hly relavant §n this
regard ls ongolng work in paychoacoustios on the capablilitles of human subjects to
g}lor}minlt? ameng camplex sounds and on tha stimulus ocharacteristics that permit such

scriminations.

2
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Figure 7. Mean time to complate task for sach combination of condilion and task

CONCLUS 10NS

|, Acoustle slgnals can be useful lndlcators of the orlentatlonal state of an
sircraft; Intersural intensity differences, repreasenting bank angle, sre partlioula
affective In this regerd. Using maoustle |Iun|n. a pliot can malntain level fligh
with no other {nput,
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2. Under conditions of heavy workload when the pllot must complsts certain
secondary tusks raquiring visual and cognitive mctivity, the presence of the additional
auditory signal can compromise secondary task psrformance.

3. The rasults of the present study indicats that the potential benefit from use of
of the Acoustic Orientation Instrumsnt warrants continued exploration to dsfine optimal
signals fox providing auditory orientation informatlion to pllots,
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WORKLOAD INDUCED SPATIO-TEMPORAL DISTORTIONS AND SAFETY OF FLIGHT
AN INVESTIGATION OF COGNITIVE INTRUSIONS IN PERCEPTUAL PROCESSES
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SUMMARY

A theoretical analysls of the relatonship between cognitive complexity and the perception of tme and
distance is presented and experimentally verified. Complax tasks produce high rates of mental representation
which affect the subjective sanse of duration and, through the subjective time scale, the rmpt distance derived
froi visual cues (1.e., visual cues requiring rate lntm on), The mlrln of the Inturrelationship of
ubjective tima and subjective distance ylelds the prediction as & fuction of cognitve cotaplexily, distance
eatimates dorlved 6 visual cues will be feager than the sotual distance whersas astimates bassd on
percelved temporal d will be shorter than the sctual distancs.

‘This prediction was conflrmed in an ¢ nt in which subjeots (both pilots snd noni-pilots) estimated
distances using elther temporal cuss or 0 visual euses. The distance sstimation ik war Also combined with
secondary | tasks in order to vary the cveral] taak complexity, The results indlcated thm dlntance eatimates
based on tem cues were underestimated while sstimates on visua! gues were oversitimated. This
ipatio-temporal distortion effect increased with inoreasts in overall task complexity.

Thls finding has important implioations for the aviation community, In high spesd, low level flight the
aviator's sltustional awareness is depandent upon veridical spatial and tetnporal perception. 1f the complexity
associnted with flying high performancs aircralt can induce spatio-temporal perceptual distortions, then safety of
Qlight could be y compromised. ‘Thess perceptual distortions could lead to a situation whore an alrer:
urpmchu closer than intended to n target beokuse the peroeived visual distance was grexter than the sotual
distance, In the extreme, this could lead to “ilot fuscination" incident where un alert pliot flies an airworthy
airoraft into the target, In addition, responses bused on temiporal oues (e.g., weapons release) could acour sooner
than intended which would also compromise misalon safety and effectiveniess, This finding suggests that factors
which reduce the cognitive load on the pilot (e.5., the lncorgoﬂﬁon of declsion support lrmmn n the ockit),
should ll.ld v tnore accurste spatio-temporal parception which would alno enhance the pilot's overall situationul
wwareness,

1. INTRODUCTION

High speed low lovel fliyht is rapidly becoming a taotionl necessity for uuiany aircraft tynes, In thesa flight
regimes fractlions of 4 second mean the diffarence betwoan an on mmwupon and ground Itvpece. It s long
been underatood that motar and cognition relntad deluys in resction time can play an sdverse role in aireroft manual
control and it has mors recently been widsly argued that lmm; alrerew workload and wsk complexity ean
oause a Jos of situntional xwareness (LOSA} which, in tum, leads to poor airoraft control decisions, It 's,
however, the case that only a Himited understandiing of underlying cognitive processes sxista to describe, explain
and pndlcl cognitive influences on g‘c‘mpml and motor mnmlot%n reievant to aviation, Perceptund influshces on
tognition, such as the illualons attributed to abnormal stimulation of the vesd oular tysiam, are rather better
dooummented, Nevertheleas, these obaervatians undersoore the importanoe of propeities of human cognitive
functioning in lssues of onginesring importance to uviation,

In this A new ptual-vognitive sffent related to & pilets spatial orientation capabllitles s
thmnmny oted from fint pdncmu and sxperimentally varified. High retes of srantal represenution
ansoclnted with sk oomplaxi: are predivted to affect the suijscdve sense of duration and, through the yubjecilve
e scale, affect the percept of & conntant dinance derivad from dynamio cues. Asa function of sognitive
autplanity, the visual distance is prediotud to be mw than the astual distance ludin%w tho
bon bility that the alreraft will approash much closer to u refarence polnt tn the intencied sapazation distance,

ncler the sama cognitive taak dernand unathar prediotion dnrivas that In, ut first con*idemtion, panidoxical. ‘The
peadictlon states that perosived time intervals will be langer than objsctive time intervais, Theretors, bassd on
duratioy eatimater, ote would tend to act too soon rather than 00 lais (as a function of ~ognitive compluxity) ne s
the case with visual wstimatss. Both of thess theucetioal results are found to hold in the experiment,

The diatasoe Judginent distnrtion effect corraponds in form to the “pliot fueinsuun” Fienemunon it has
lotg been A part of high derformonce wirmeah operations, In a pllot fa-clnation inoldent an wisit pin  des an
W {nto the wrget, The time interval judgmest distorti..it effect has alno been wicaly eported in the
vi winture and folklors In a variety of clreumatances that somvepond to situations -nd conditions that would
] Hgoalmd wiih high mental repressntation ratas such aa ajsction and ale to air weaponis mieass (Carson, 1862,

tion and distortions in tempons paroeption are often uttributed to a generaiised LOSA on the
parol M protent :Inﬂ o on startions induced '{5 Sctnltive proostilng load
eni
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visual input (8.4, Bensen, 1978; Kirkham et al,, 1978; Tredi:i, 1980) there are many cases in which the
vestibular and visunl inputs are normal and the “pliot simply :lies the plane Into the ground” (MoNaughton, 1981;
olso see Haber, 1987; Tyler & Fusr, 1971), The fact that a large percentage of SD incidents can not be accounted
for In terms degraded perceptual input leaves open the possibility thut other cognitive fuctors muy be Involved,

One factor that mlﬂh( influence a pllots spatial and tenporal pemefpuon is the cognitive processing demands
associated with flying hi rformance alrcrafl, There Is a hmbody of evidence indicating that the perception
of tem durations ls Influenced by cognitive facters 8.3, Fraisses, 1963 1983; Michon, 1963, 1966;

Omisteln, 1969), (n anl. estimates of the temporul durstion of an interval inorense cancomituntly with the
complcxlty of the stimull thut were processad during the interval, This finding i in nfmmem with the position
that the peroept of duration s based on the succsssion of mental events or representations, That lu, the experience
of time appeary to ba functionally related to the Aumber and mglulty of the representations that are generated to
eticods experiontinl avents (¢, f, Barrett, 1985; Blook & Reed,. 1978; Fralssee, 1963; 1983; Ornateln, 1989),
‘There I also evidence indioating that the perception. of tem| duratons influsnces ]udamcnu of apparent
distunce (Abe, 1935 Cohen, Hansel & Jylvester, 1953; Haung & Johes, 1982; Helson, 1930; Helson & King,
1931; Masshour, 1964). Although it is claer that cognition influsnces the pmeel of both I%m and time, the exnct
nature of this reimlonlhlp is unclear (.f, Jones & Haung, 1982; Marshour, 1964; Ona, 1976),

2, FORMALIZING THE SUBJECTIVE TIME SCALR

In this section the ideu of cognition as & representing proosss and its relatlonship to percelved duration are
described. The process of representing In taken to be one of nreating structures of conceptual ktoms and relations
among tho wtoms such that the expectation of behavior entulled t'? 6 3tructure correzponds in some sense to
obsarvation, This amounts to a theory (trans)formation and vonfirmation procass und is related (o the gmblom of
nondemonstrative Inference iCm'na & Juffery, 1971 Helland, ot al., 1087; Kuhn, 1962; Randall, 1970), When
cagnition ie approached In this fashiun, a rough statement of what Is done by a cognitive syatem s that it produces
sequences of represeniation states, A sequence of reprassntation states can be thought of as a code fora
léypodmlod world ate, Including sctlons of self and others. The complexity of u code {s a function of ita length.

nergy is required in ordar for a system to snter into u representation stats and i the mensure of work performed
by the. fepresenting system. A represantational evant iz the accurrence of a iepressntational stats at a clocktime
coordinate, ‘The rate at whish events are groducod constitulos & powst requiremant on the systsm, A power
requirerient is the workload u:gcrlenced the system. Thus, under the confirmationsrelated time constraints
imposed by the world event under observation, n more complex representation can be expected to impose a higher
work load by requiring a higher repressntational avent rate.

The following list of definitions serve us the premiss for the subjective timw scaling function that ls
dalslcrllbe:!dbelow. These definitlons can be formalized, but for the purposes of the following developtient, this is
entirsly sdecuate.

A "eode element” {3 a aymbol required for each relation explicitly preserved by a code
A "code" in an arrangement of cods elemuonts, together with the rules of arrangeraens and interpratation,
A "deucriptive structure” Ly any relation preserving fom,

The "complexity" of u descriptive structure Is & function of the number of relations that it explicitly
preservan. Notlce that many relutions may be implicitly pressrved

‘To "represant” I to encode In u desoriptive struoture,
A "rapresantational event" s defined us a code elemant ocourrence at a olock-tmw coordinate,

A asll-closked svant driven, r:fnunuuonu systen: in one that has intemnal auoss to estimates of
extsnalon in dme only as ssquences of representational events, That In, such a gystem has no homunieulue with
nccena to an objeotive clock. An event oscurrence Iy the subjective temporal unit. One can limagine such & systsm
glvlng sutlmates of objective time intarvals that vny s the oom&loxhy uf the descriptive structure which exists
uring ths time Interval being estimated varied. This would be the onse because the number of representational
sventy, (1., the aubjective duration) enteced into during the time interval would vary with the complexlty.

To formally charaotarize the lul:jrtlw time scaly, the cumulative event function fv introduced, (see Flg. 1;
Barrett, 1083), ‘The functiun iy partrayd as continuous be:ause thers can be no subjective awareness of the
ubsenicd of represaniation and no sssoclated experiancy of duraion, It Iy poriraysd as non-decreasing because on
svent occurrence cannot unocour, 1n the flgure, it oun be seen that the rime Interval (,b) is not subjectively equal
to tho cotrespotiding equal time interval (b,0) bev.uss the number of sventx In the time intervals are not the satr.,

Pormally, the cumutative svent funatlon is glveu by,
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Fig, 1, ‘The cumulative svent funstion, % (1),

Ao iy w time seallng function with units, unit-time par represantation avent, Notice that the inatantansous
svent rats, which 13 proportional to the worklioad on the system, \s the timw detivative of n(t).

] a .,
5 o = @

A(t) in junt the time soaling functlon that gives & unit slope, ax in Fig. 2. Thus, A(t) is the subjective dme
wcaling function tor the event driven system,

n (A

k unit siope

A

Fig. 2. Time-scaled cummulative event funcion.

The prediction concerning time lntstvaln of equal subjestive duration Is written,

a3t Do) 1 8 w 2D )

That i, the parcepts of the Intervals (n,6] and (b,0] are squal when the teasures of the number of' . ;
ropresentational sventy ocourring In (ntervals ure equal, - L

Intervals will seem lm:r-r an when the ohjective time intsrvals will bs ovmn&mmd and sotions sequencad in
[

thy
the subjective tlrme sonle will oocur objsctively sooner thln“f: nal svent rate suation,

'Thersfore, when A~1 1 lurgo, (that in, when the rapressntationsl work-lokd on the ayatatt 1 lurge), time .. - ., !
low repressntal '
!
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3, A PREDICTION CONCBRNING THE PERCEPT OF DISTANCE FROM DYNAMIC CURS

This section will develop sume simple consequences of extending the elsmentary relationship relating mte,
time and distunce to the case of subjective divtance derived from the rute of change in the subjective semi-statlc
position in the subjective time scale, that iy,

D,—r,h . 4

‘The situation to be referenced is deploted I Fig, 3. ‘The two ajectories have time looation marks Indicated
in order to show thelr relative positions and separation distances at those marks, ‘The actunl separation distance is
denoted Dy und the closure rmte st ra,

target

Fig. 3, Tmjeclories and olosure distances,

In Fig. 4, Dy s ploited against time In the situation function, 8. The tims derlvative of this function {s the
aetual olosure rate.

Fig. 4, The situation function, §.

A thought experiment is proposed whers u "snupshot” s taken at sach time mark and a “semi-statlc”
distance astimate is mads, 'Those extimates are called semissiatic bacause we wknuwlldgl that thers are dynamic
cue nvailable in the sanpahot views, Some of thase cues ire :uRllnluy available (8.5, blur), Others are
chataolerized by changss that exlat frou view to view, » [ ml!u in relutlve slze, appearance of visual
dotalls, sto, Sinoe such & list seems endless and because the restriciion wuo-n‘:amory case from view to view
asemi o0 rentrictive, we allow all such uspects of the deoilon eatimate to be mude from the stroboscopic views.
All of this Information {n Imagined 1 be citried in tha funotion 8, Buch of the seml-statio diutance estimates v
plotted n Big, 5, forming the semi-static prychophysical funstion of the sctual situation, F(¥),

From the figures, the following relstions and definitions wre of Interest,
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Flg. 5. The semil-niatio paychophysical iunction, B,

¢ {u the normed semi-stotio psychophysionl srror,

ew(F-8)8 .

8 {u the direction of F taking 9 as a paramater,

s fwad(f). ®

y1sthe cumplinnce of F taking 8 as a paramater,

vy ® o
w§S+(e41)
wlpg gl
rw2im)e ) 4480 - (80) L mvry ). “
M t t dh

Subatitatin (8) into 4) and rearmangin ohulnl the expresnion of the relationship of the
subjective d!mnonloft‘llnuu d!ﬂ\% dynamic informa ' ' P P

D.‘%--'M‘dl. ®

In the situation where one is conosrned with the wotual disiance associated with a subjectively constant
distance, integration of both sides anl munipulstion ylelds,

K -kokﬂ'hxp(-?g:} . (10

From this sapression, 1t is apparent that as sentation rris gels big, Dy gets larger than Dy . It ls
thia distance gm digtortion ?punn and the d!mnr' of the plmopt'o! durzhor: g::m ﬂ (3) that 11‘ tanted
In the oxperlmom 0 asation,
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4,0, EXPERIMENT
4.1 Intreduction

An experimental paradigm was developed to test the theoretical predictions derived above, In this
para:ilrnlm subjects were required to estimate distances under conditions where the availuble cues were either
primarily visual or temporal in nature. The distance estimation task required subjects to judge when a pip moving
down n CRT scresn resched a predatermined destination polnt. In the visual cus condition, the pip appeared
partway through its flight path down the soreen and then remained visible until it went off the bottom of the
screen, In the tem) cue condition, the plp started at the top of the screen which allowed subject to estimats the
pip's velocity bui then disappeared partway to the dvstination, Therefors, in the visual cue condlition, distance
estimates could be bused on visual Information because the dplp was visible during the perlod when the response
had to b made (i.e,, as the p) wmhed and passed the destination point). On ths other hand, in the temporal
cus condition, there was no visual information present during this response period which insured that the
judgment would be bused on timing cues, ‘The distance estimation task (In both the visual and tem) cue
ronditions) was performed under four different degreas of taik loading in order to create varylnr egrees of
overall taak | in order to create varying degrees of ovemll taik complexity. This resulted in the following
four conditions (ﬁ distance estimation only (baseline), (2) distance estimation and a cognitive thyeat assessment
task (cognitive), (3) distance estimation and » pursuit tencking task (orucking), and (4‘; distance estimation
cotnbined with both the cognitive and iracking tasks (mmﬁ. Thus, the paradigm allowed for the assessment of
the acouracy of spute-temporal perception while the cognitive and/or motor coniplexity of the taska varied.

Based on the gmedln. theorstical development, it was predicted that distance estimates in the temporal cue
condition would be shorter than the actual distance whereas estimates In the visunl cue condition would be lonﬁer
than the actual distance. Furthermore, this spatio-tempotsl distortion effect should increass concomitantly wit
inerenses in overall task complexity, The experiment evaluated both pilot and non-rnot populations, It s possible
tht pilots, who have a tremendous tegree of experience with tasks in which the estimation of time and distance is
lcrh‘i;ill. would be more uccurate in thelr perceptlon of time and distance under conditions of high cognitive
oadlng.

4.2, Mathod '

4.2.'!. Sumnn.xla. Two groups of elght subjects each were uscd [n this experiment. The flrat grou
consisted of eight naval pilows eg:om’r,my mgoned At the Naval Air Development Center (NADC), All%?tha pilots

were currently qualified, although on different platforms (i.e., P-3, helicopter or jet), ‘The sscond group consisted
of elght, non-pilot, male employees st NADC. All subjects participated individually in a single experimental
sesslon lnsting approximately one hour.

W’ ‘The presentation of stimull, control of timing intervals and recording of
dute were all ¢ oui onan AMIGA microcomputer with a Commodore 1084 color monitor.

423 Progedure. All uf the tasks were presented within a whole-screen window on the color monitor,
The window was black with white borders and measured 26 ecm wide by 17.8 cm high,

Euch task was first practiced in isolation. During the practice session subjects recelved $ minutes of
practice with the mcldns task, 20 trails on the cognitive threat assessment task and 30 triuls on the distance
estirmation task (15 visual cue and 15 temporal cue). There were e total of 180 experimental trials. These
consisted of 30 baseline trials ﬁls in each cue condition) and 50 trials (25 in each cue condition) in each of the
imsllowng conditions (cognltive, tracking and overall), Bach of the three tasks will now be explained in more

tadl,

W. ‘The distance sstimation task required subjects to estimate when s Ellp
(a white cirole measu g“ .5 cm in diameter) moving down the center of the window reached & destination point
that was located 14 cm from the top of the window (approximately three-fourths of the way down the screen). A
line representing the destination point and the location of the pip when it was stopped were shGwn to subjects afte:
cuch response during the practice session to facilitate lenrning the apgmprlm distance. During the test session
only the location at which the pip was mmped wat indicated. Both the velocity of the pip and the point at which it
appeared (in the visual cus conditlon) or ugepemd (in the temporal cue condition) were varied randoinly which
insured that the distance estimates could not be bused on a srategy such as counting. In the temporal cue
condition the total flight time of the pip (i.e...the time the pip required to travel from the top of the window to the
destinatlon point) ranged between 4 and 10 seconds. This flight time was broken inta two sections dependent
upon whether the pip was in a blanked (Invisible) vr unblanked (visible) state. The pip started out at the top of the
sreen in o visible state and travelled downward for between 2 and 5 seconds. At a randomly determined point
located in the center one-third of the window the plp was blanked and then continued 1o move down the screen for
another 2 to 5 second period before reaching the destination point, If the t‘ﬂ.ﬂﬂwu not stopped by o 38 it
continued downward for 12 cm beyond the destination point (well heyon bottom of the screen). The visual
cue condition wus similar except that the plp started in a visible state at & randomly determined polnt in the center
third of the screen (corresponding to the polnt whare the pip was blanked in the teny oue condition) and then
continued 1o travel downward Zor between 2 and 5 seconds before resching the destination polnt. Again, the plp
would continue for an additional 12 cm, or uniil stopped by a responss. velogity of the pip was varied
randomly between trials (uubject i© the aoove time constraints) In both the visual and temporal cue condlitions,

éz.sf._mfmm. ‘The tracking tazk was a one-dimensional pursult tracking task in which subjects
attempted to keep a line curor within a rectangular box that served as the target.

nﬁumlmnﬁnum Tl task required subjects 1o decide whether an u:g of
between four and eighi symbols represenied a threat or non-threat situation.” The symbot set wax comprised of
four unique characters (& &, +,A), ‘Two of ths symbols were designated as frisndly (+, A) and two were
designated as hostile (%. &). One of the saymbols in each set was asxigned a value of 1 and the other symbol was
assigned a value of 2. If the sum of the hostile symbols in the array was greater than the sum of the friendly

PR NN e g S SR




symbols.then the aresy representsd & threat otherwise it was & non-threat. The amount of time that the amay was
v¥|lble was controlled 8o that in both the visual and tsmporal cue conditions the threat array was presented during
the final 2 to § seconds of the pip's flight, No fosdback was presented for correct responses, but incorrect
responses were followad by a short auditory tone indicating an error,

?ﬂi Reguits. ‘The data in both the tem| and visual distance estimation conditions were assessed in
B s A o ot e DO WA oot rogpotaw o0 e o o B ety guled
mmount . ps !
t6 reach the destinadon, This tre ylol edudmm(lnmondo)whmnwfmud:md ’omlnu
received a score of O, undereatimates resulted in & negative score and overestimates resulted in a positive score,

An inival four-factor anniyals of vasianoe r X C X Task Condision X Subjet Wit
conducted to insire that mfon urder did not( uenos the 33’&' This mml Mu& EM u? gr.&u sffect
was nonsignificant, F < 1, and erder did not intsract significantly with the other variables (ll Bs < 1.7 gu > 1),
This allowsed us to collapse scross order for all further analysss, The maans of subjest's mean difference scores
are presented in Table I'as & function of cue tﬂm condition and subjeot typs, The effect uf subject typs was also
nonstgnificant B(1,14) < 1, and subject type did not intersct with the other variables, (all Fs <14, p > 29) which
indlmoa that pliots and notispilots did not differ In thelr estimates of distance in sither the visual or mporsl cus
oonditions.

The effect of cus type was highly significant B(1,14) w 32,8, p < 0001, Thia reflects the fact that distance
estimates In the temporal oue condition were always shorter than the actual distance wherens satirmatas in the visual
cue condition wers always longer than actual distance (sse Pig. 6). Thare was also a significant ¢us br task
typs Interaction, E(1,14)« 6.7, n < O1. An analysis of the effect 1 cus typs within each level of 1k loading
indionted that cus typs was highly significant in sach of the four loading conditions (all Ea(1,18) > 240, p <
00(1))s Howaver, the main sffect of task load wan only significant in the cuse of temporal cues, B(1,15) = 4.7, 3
< .08,

-

T%MPOMI.
Uis

BABELINE COONITIVE TRACKING QVEMALL
sondilon

Fig. 6. Mean Difference scoves as & function of condition,
(collapsed across subject type),

In order to assess the effsct of task loading the bassline condition was compared to each of the other task
loading conditions for both temporal and visual judgments, In thes cuse of temromny based judgments, the
baseline condition did not differ significantly from either the cognitve condition, E(,13) = 1,4, > .28, or the
tracking conditon, E(1,15) m 2.7, o> .1, Judgment times in the baseline were significantly shorter thau: thore ir
the overall condition, E(1,15) w 15.4, 3 < .01, The iame gmern was present for visual cus judgments in that the
baseline did not differ Aglﬂuntl&hom elther the cognitive condition, E (1,15) 24,9 > .1, or the uuldnﬁ\
condltion, B(1,15) < 1. However the iudmm times In the overall condition were sign! cmdy longer than those
in the basellne conditlon, B(1,15) = 8.3, 5.< .05,

Analyses were alio conducted on performance in the loading tasks. In the tracking task the dependent
1seasure was the aversge absolute error (In pixels) between the cursor ad the center of the target box. The effect
of lnb*ect was nonsignificant F(1,14) < 1, snd subject type did not interact slgnificantly with the other
variables, all Fs < 1,8 l‘ > .2, indloating that pilots and non-plots did rot differ. ‘ﬂun was & highly signifieant
effect of task lond, E( .143 = 38,7, §< ,0001, indicating that tracking performance was wnise in the overall
condition (mean error = 132.7) than i1 the tracking condition (mean error w 80.9),

Parformancs on the cognitive task was nssassad in terms of the percent correct, Once again, the effect of
subject type wos nonsignificant, B(1,14) = 1.9, p > .1 and subjeot tgpe did not interact with other varinbles, all s
< 1. The only significant effect was that of task load, E(1,14) = 5.8, s < .03, reflecting the fast that performance
wis worse {n the overall condition than in the cognitive condition (80 and 88 percent correct respectively).

ﬂﬁmmmg The present experiment svaluated whether cognitive processes influenced the parception
of time stance, Specifically, the study assossed whether pamé" dlumsm based on dynamlc visual cpugo
(those regulring rate integration) differed from percepts based on temporal cues und is so whether this diffarence
increased with [nmm 1 the cognitive complexity of the task, The resulta indicated that dynamically based
visual cues and temporally based cues produced opposite effect on perceived distance. That is, estimates based on
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Si’nlmld visual cues were Ilwml longer than the sctual distance whereas extimaten based on tamporal cuss ware
ways shorter than the actual distance. This nndlng.mwmd arong suppoet for the prediction that subjects
would mgond too soon when thelr estimates were on timing cues and too Ints when thels estimatss were
based on dynamic visual cues, The npuﬂo-temroul distortion effect (i.e., the difference between visually bassd
and temporally bused distance estimates) was significant in each of the task loading conditions, including the
buseline candldon. Cognidve processing load was also shown (o have an effect in that the spatio-temporal
distortion was ln;r‘er In the overall condition than In the baseline condidon, However, the fact that u substantia!
spatio-tsmparul distortion effect was presant in tha condition resultad in the bassline conditian not
8 from sither the cogriitiva or the treking condidon, O .

"The results also Indlousd tht plioty and mm.m'am dliffor n torms of the e ofm;w spaal
]

atid temporal judgmwnts, It was axpacted that the o with tempotil/s nis
L L LR Tk G
thoss norrally experienced up?lou.-gop example, dlstance judgments are ganerally mdoﬂu S mansions
enviranment (e, Jud n!-tho relutive dlmn%l 4 glven object) rather-than the two dimen; etting used in
?:“ A m‘r?z'.un&'.'"m tm.m y« " m“t‘l‘. m&puimgnrw':uld i Sucha lltﬁ.&:nv uld u:
nll'g;;' for = batter assesiment of the relutionship between the spatio-tetmporal drmn offect and LOSA,

5. CONCLUSION .

From first principles It ls porsible to theouuotllmlut the effeot of complealty _ﬂ&ﬂpuunmlon on the
percept of tima Intervals and distancs intervals derived subjective rate intagration. The present study has
demonatrutad that cognitive processas impact the pom?um of buth time and distance and these effects should alse
influsnce an aviaior's sense of situntional awarenems, For exemply, 2 t&pleul pound attack profils requires that s
serles of precise motor u%uonm be executed us the pilot approaches the target while using out-of-the-tockpit
visual cues, At the cognitive wotkioad increases on target approach, two affects would be expeoted. PRirsr, motor
responses baved on tming oues should be exscuted too soon (6., & promiature wenpon releass) as ti aviator will
subjectively feel that morse time has elapsed than Is actually the caze, $toond, the distretion in percelved distance
will lead the aviator to app.oach closer to the target than Iritended which jeopardizes mission safety and in the
oxtterne could rasult in & ground irhpast. Purthertrore, 1t s unlikely that the svintor would-be aware that his
percept wn‘:d lnfmumo (8., 4 Typs 1 LOSA; Bensn, 1978) and thessfore it Is unlikely that the effects could be
compensal or,

‘The fact that apatio-temporal parceptual distortions are induced by the complexity assoclatad with plloting
modern, high-performanca alreraft suggests that factors which reduce cognitive processing demands should alss
lead to a mors veridical perception (Bprreut, 1988), This provides & general rationale for the Incorparation nf
dynunle decision support systems (D452 in wdvanoed cockpits, ‘The reduction in the angnitiva load on the pilot
engendered by such systems would be emed to enbance the alrorew's sltuatonal awaieness and concomitantly
increase both misslon effectiveness and w safety.
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EXPERIMENTAL TESTS ON THE MiNIMAL VISUAL ACUITY
REYUIRED, FOR SAFE AIR CREW AND ALR CONTROL
. PERBONNEL PERF ORMANCE

Praf. Dr, J, DRAEGER/Dr, med, R, BCHWARTZ
Hamaurg University Eye Depurtment
Mertinimte, 32, D=Hamburg 20
Gernishy

Sunnary |

Netisnal and intornational direstives speocify minimal requirements fur corrected end uncorrected
vieusl atuity in militery sm well ws oivil avistion, Thete is a ntriking differsnce between the
corrsoted visusl auuity and the minimal visusl acuity spevified as s lower limit, Doss this minimal
wouity notuelly have any functional importance? The pressnt exparimental study coroerning military
piiotn deals intensively with the minimal requirements on visual aculty which guorantws the safe
oparation of aen asireaft, The investigation revealed that the wspecified visual anuity without
vorrsotion us stated in all directivas im not scoeptable oe a lower border 1imit Tor safe operation
of an mirecaft, It would therefore be possible to diwpenve completely with wpesified minime)
ungorrected visunl scuiky valuss. Howsvar, w wale wearing of visuml aids at sll times, considwring
cookpit environment spenifiv conditions muet than bs gunrantssd, For air control personnel the
uncorrected vieusl snulty should not have further significances. In additionsl studies we examined
the minimml requiremsnts for the ruder controller, Whils reducing the visual aculty in defined ntnﬁ-
the tudar controller imd to recognize critical situstions during n wimuluted mpproseh. For the
speeinl situstion of the tower rontrallee o vimual acuity of 1,0 i required. Our tmsts with radar
controllate reveal that a reduced visual scuity betwmen 0,5 and 1,0 had no significant influence on
the l"ullun raten, The visusl mcuity in thst range is not as important as for pilote and tower
parsonnal.

Spucific minimal visuel requirsments with and without glasses are indispsnesble for wafe cperation
of an siroraft. LORENZ, 1943 (1) wiready pointed out the clowe connection between flight performence
and vieual meuity, Not only the ICAD but elsp the diffursnt rational standsrds inciude specifie
mindmnl vivual acuity vslues, It iw most wurpriming that no experimental asuientific study on
sctunlly nendod minimsl visusl sculty has heer purformed until now, For khis reason » study was
conducted in vooperation batwesn the Hambutg University Eys Department, the German Air Forem and
Lufthunes, In w jet airoraft eimulator of the German Aic Foroe we sxamined the minimal vieunl ecult
nesded for difterent flight conditions and vperetional functionm durlig instrument flight and vieum
flight, whers the pilot obtaine most optical (nformmtions by luoklng out of the window. The
tranadtion from snalog to digitel dimplays or hendecp-displays requires to identify different types
uf optival Inforastions vurr quickly, Additionw) demurde for the pilotm wys are changing distences,
directions, brighthess lsvels and colours of importunt flighl informationa. Thers lw no doubt that
such complex visusl requirements need spewific vieusl limite, At presunt there are diffarent
nationsl and international directives sy shown in the following index:

Aviatige Requintione: VISUAL Aculty
Germen Civil Aviation Regulations (1988) Gormun Bundeswshr (1980)
171 e.o. L,0/0,% It w00 0,5/0)5
op 8,1/0,7 e.0, 1,0/1,0
(=3 dpt) 1 me, 0,30,
formet) s.o. 0,3/0,3 v.8, 1,0/2,0
1nn uie. 0,4/0,% 1111 w00 no atandard
(I8 dpt) oo 1,0/1,0

formez: w.c, 0,1/0,1

Us8, Civil Aviation Reguistions (FAA) U.8, Alrforoe (158))

310 wies 0,2/0,2 f1 a0, 1,0/1,0
t,0. 0,7/0,7 1A 21 years: w.0. 0,1/0,)
a.e. 1,0/1,0
It s.00 no wtanderd 111 s.0. 0,1/0,1
0.0, 0,6/0,6 o.es 1,0/1,0
135 e.0. 0,0%/0,0%
o6 1,00,
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Besidea thess standurds Commerciael Air Lines have much stricter qualificetion veluss, Partioularly
in Europs the entrance teats for civil pilots require an uncorracted visual moulty af 1,0 on both
syes (2,3). If onn looks at the etandarde for minimal visusl aculty one whauld ask which objectiva
ctiteria have bmen used to establish thess requiraments, For mxample commercial nircraft pilotm
wearing glasses ahould have a visuml aculty of 1,0 in hoth eyse but an uncorrented acuity of only
0,3 hes been conaldarad to bs suffieient too., Even worse: Parachutisktw (Cat., 111) for inatance
have to sslect very quickly a safe landing point (4) under similar visusl requiremsnte (m.c, 0,1),
Alao glider pilcts (Cat. 1l11) have to urgln&n svery phuse an their flight without using an
innteument Prom take off, ewtimation of flight path and losking For m suitabla landing point under
the sume category for the uncorrected visusl wouity, The wcoepted large differsnce betwesn the
limite for the corravted snd uncorreckad visusl acuity levals ean only be explained by tha
assumption thet « pilot doss not enly carty along a apars pair of glassss in any cess but he ala
in able to put it en lmoduhl{ after lemn of his glanses ih case of an cmnguney. The importince
of the uncarreoted visusl aculty level will appear in & quite diffarent Jight 1f you canaider the
gudn pilot in turbulent air or sven the parachutist whose glawess are swept from his nose, la
he limit for the unearrected minimal visual mouity veally the limit of a certmin visual level to
terminate a flight or ie it aimply an alibi value of no functional importance? If we asaums that
:hh vul:ntltﬂmld be of moms; howsver little functional importance, it im workhwhile to look at it
n.mare detail. .

Firat we performed exparimental tssts which should quantify the relation betwssh visusl acuity wnd
flight performance, 1R military pilots whoss visual ssuity was reduced ir defined stepn by eo
called "Bangerter foile" hat to sccomplish special tasks during a simulator program. Annther test
waa  performad by ocommercisl pilote in s similar way, We noted wpeoifio obwervation, all
cperational wrrars, the required time and finally an ovarall evalustion uf thu respective
simulator mismion, The military pilots were examined in & Totnada aimulatar with digital and
analog indicators, Similarly, routine actionm had to ba accomplished, Sudden smergoncies as engine
failure, temperature problame, prswasure decreass in the hydraulic system ete. were integrated in
the simulator program to be able to ocheok the time nesded for recognition, allocation snd inition
of counter measures under aggravated vision aonditione, In additlon to monitering the external
areas through tha windews the instruments hed alec to be monitored at distuncew batween 76 and «0
oy

A very high visusl agulty level of about 0,9 waw needst For the cocrect remding of the moving map
diepley indicater, A visual seuity level of sven 0,8 in neaded for adjusting specific inatruments
which are important for spproach. For tather emsentinl funutions a minimsl viausl souity of 0,8
mostly wam suffiolent, The pilots stated thet in ossa of an smergency they still regard s visual
ll!l.l“:{ lavel of 0,8 as sufficient For terminmting a flight safely. The weapon l;lt.m oparator who
is fully depandunt on the pilot, however, required & minimal visual eouity of 0,7.

In u?num with the Lufthws W performed wimilar teets on a comarelal aircraft {8 747). In contrast to  Tormmd
coopit, were the inlividsl indiostors we relatively clearly artwwed, the codlgit of a B8 747 is meh mre
ssctionalieed with to the svuiluble apww. The B test whjwts ware pllcts botween 48 ad 54 years of wp ad
showad o distirct , ALl pllots were with cptimal corpection glassss woroptiste their presbymis, which
hadl bwsn vorn at lesst for 2 togularly to get used to tham. At Piret anly glassss of VARILLX type were used, Thw
vien! sty was redused with Bungertmr foils., All test mubjucte had a corrected visual aculty of
at least 1,0, The pilotm participuting in the wtudy condusted » totml of 21 teat flights of 10-15
min, duration ssch. The testmd minimel viwual astuity lavels were betwesn 0,1 amd 0,3, The
sinulator program wam ounducted undmr no=windevenditions et a vimibility of 2,500 m wnd n oloud
bass of 1.000 feat, First etep of tho eimulstor progtam was looking through the oheck lists, ALl
reutine sotions were ageomplished. Then u manuslly -operated ADF-approach wab .carrisd out and
various smergency eitustions were praved, for instance an unexpeated moving ebject on Lhe runway.
The results of our etudies tevealed a minimel weuity level of 0,4 tn be able to maks ab lesst
ruugh interpretaticna of the charte but only when using wn edditional apot 1ight, Even & vieusl
acuity lavel of 0,5 did not allow the relisble reading of fine deteils of the wpptosch charte. fn
the other hand the NS pourdinutes would alresdy bs entwrsd wt m visual souity level of 0,3, tven
nt « visusl mouity level of 0,3 the DML would only be interprated. This was also ltus for the
ruadability of the fuel guuge indicator snd the hydrsulie system, A visusl sculty level of 0,3
barely ullawed the reading of the wit spesd indicator, heading indicator and altimeter. This would
approximately be the minimal visusl mouity level required for lunding an aircreft under extrume
smergenoy conditions. Thim limit would only be trus for sn wpprosch whioh i vompletely Pamilier
to the pilot beceuse exactly the double visusl woulty lavel iw required for: rewding the
indiwpensable wspprosch cherts, und this shduld basically constitute the valus of Lhe minimel
visusl souity in cese of wn smergency, An uncurtwcted visusl soulty level of 0,3 ewrtainly ia not
aufficient for safely flying snd landing eirorafrt under eomplioated vonditions. This leads tn the
question whether it is helpful to wpeeify the uncorrected visusl soulty in etendarde, In Faet,
such uncorrected vieusl souity levels whould sllow safe operation of anh airersft, and in this
cass, howsver, they should bw set much higher thun it hea been the practice, 1f we completely do
without limits for the uncorrected minimal visusl sculty we st least should have limits fov the
corrsoting glamses. Buch s new prooedurs would require that these oorresiing glesses, if vequired,
are patmahently worn during flying apsrations. . -
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In this cuss more sttention neede to oe extendsd on the specific deaign of spsctecle Frames then in
prensntly the come for pilot's glassss, Furthsrmore "humen fuctor deaign® 1s needed not only in the
arcangemant of the pilot's seat, in canformance with bndy shape of the ssatbelts, in the cockpit air
conditioning eystem but rather asleo in the logical end optical arrangement of instruments and
operating controls in much @ way that slso the senior presbyopic pilot is able tu mafe cperating hias
airoraft without wearing vomplex spwoisl putpose glassws,

For tha towsr comtroller who has to obasrve the sir sproe and ths apron the resquiremsnts of the
minimal visusl seuity should be similar to clamss I pllote, Limits For correction valuss of the glasses
are not important,

In our etudies we only examined aly traffic radar control parsonnel. In cooperation with the Federal
Alr Traffip Control Agency our studies wers performed at the radar simulstor of the Munich Training
Center, The avaraygs dimtance betwawn the rontrollar's oys and the diuplay ranged from 70 to %0 om,
Further techniocsl details af the Telefunken-Monitor SIG 30001, that was used for our studiemi Image
repetition frequencyt 30«80 he, Every 10 seo the target position is velocalized. The size of s normal
t:rq:e labal is 2,3 mn, in onee of an smergenoy deaignation 3,5 mn, correspanding to 9,3<11,5 angulat
minutes,

11 tests wubjoocts took part in the atudy, 2 in the age sbout 30 years snd 9 in ths age mbout 50 yesrs,
with adeguate txrorinne- in flight control performance, All test eubjects had & ocorrected or
uncotrdoted vieusl aouiky nf at lsast 1,0, Similar to our tesats with pilots tha visual moulty wes
raduced by defined blurring the test subject with "Bungerter folla", The raduced visual meulty was
controlied before and after a test for emch sye separatsly. Using different "Bangerter foils” we
nghieved & defined reduction of the visual scuity between 0,5 wnd 1,0, During the 1% min. ainuiator
run 3 different aritical events had to be identified. We differsntlated ) categories of recoghitiont

1+ Indiomtion of danger lmmndlltlll recagnized
2, Indication of danger delayed but without mserious conmsguences recognized
3, Indication of danger not or ton late recognized

The following typical indications of danger had to be recogniesd:

1, Target label with ident mode (blinking)

2, Changw of target labe! with snd without tcaneponder cade
3. Change of tlrget label to mmergency indiestion

4, Loon of targe

9, Repatition of denger indication with different targets,

Aw expected the fauilure rate of emch tewt peraon increwsed by reducing Lhe visusl oeuity, We found a
great variation hetween diffevent test persons. For exsmple an oldor teat permon with s reduved viasual
apuity to 0,3 recognized nll 5 indications of danygsr without wny delay while other test psrsono with
unblurted visusl souity of at least 1,0 did mut recognize 1-2 (ndicationms of danger, The vieual seulty
11 tho sxsmined range wesmed not to be the only lmportant factor for sufe reder conteol parFocmancs,
Alun professions] expeciencs und mental awarenwes are playin nn+1mpurt|nt role. From our resultn we
conclude that w visusl asuity of 0,7 and a rorrsution limited to = 5,9 dpt (wimiler to clews 111) ave
aufficient for a save rader alr contrel perfurmence. In the future eleo colour disorimipmtion becomes
more important using new reder monitoring syslems with wolour coded informations on high reevlution
displaye, Further studies on thie new fleld ars under investigation and we expweb to preswnt
additional results on the next AGARD Mesting.
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PERFORMANCE de TRACKING st INFLURNCE du CHAMP de VISION

gatzick BANDOR et Alain LEGER
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© Lm vision en champ visuel 1limité devient habituelle aveo l'omtlei ds ayathmes
optroniguen Montds " aur le casque, Pour dvaluer l'influence de ves dlapositifs sur la
performance des opdrateurs, les effats de plusieurs niveaux de restrictien visuelle sur
une tlohe de tracking visuc-manual et sur la coordination oeil-t&te ont étd testéa.

La pcrformernye eat moddrdment dégradde gunnd le champ visusl disponible ast petit
(20*), mans etie améliorée en champ intermédiaira (70°). ‘origine de cette dégradation
doit ‘trc recherchée dans la mise en Jjeu de mécanismes adaptatifs neurovsenscriels
ndcesaités ?ll 1a raatriotion du ahamp plutét que dans les astreinces biomdoaniques impo-
séem par l'amplitude du mouvement de clble. Cet aspact est confortd par l'analyse des
modifications de la doordination ceil-tdte lides A 1a forte restriction du champ.

! Znkredugtien

La situation de vision avee un champ limité devient de plus en plus £réguente en
milisu militaire, aves 1l'utilisation de dimpositifs optroniquus assoaiéas aux systémes
d'armes. Certains de ¢as dimspositifm sont montés sur le casque d¢ 1'opérateur. Il peut
alors »'agiz d'une restriotion physiqua, comme celle rdsultant de l'emploi de dispositifa
d'adde & la vision nooturne, ou d'une restriction "fonotlonnelle" 1llde A 1'emplol d'un
vissur de casque. Bur le plan physiologique, un double probldme est pondi

= la vinien périphdrique intervient dans les processus dforlentation apatiale. La
déprivation du champ viaue gdréchlriqun rrovoquo une situation prédocoupantes pour la
conscience de la sltuation. LEINOWITE soullgnait il ¥y a quelques anndes Que la condulte
de nuit était :uretnulilromsnt dangereuse oar les donnéas d'orientation lides A la vision
périphétique dtait conservées alota que la vision centrale était dégradde. A l'heure
sctuslle, aveo les dispositifs de d'aide h 1a vision nooturne pour les héllcoptdres et
L1em avions, 1a situation est inverss., La vision ocantrale est corzectement maintenua,
mals wu Yrix d'une disparition des références &'orisntation de la vision periphérigue,

= la limitation du ch de vision améne égalenent des perturbations importantes an
tarmes de coordination oeil-t8te ot sollicite fortement la plasticitéd dem wous aymtémes
impliqués dans cette astivitd (GAUTHIEX, 1987).

La présente dtude avalt pour objectifs de Sester les effets de l'amplitude du
champ de vinlon dans deux types de tlohes, poursuits visuslle asimple et pourauite
visuo-manuella, dans diffdventes conditions d'excentricitd de la alble. Danm un premiar
tamps, nous avens oconaldéréd la paorformance réalisée en trnuxinx matuel, puls nous sommes
int {lll.l aux modifications du ocouplags oall-tdts enregistréss dany les diffdrentes
sonfigurations testées,

1 Mithodologls
2.1 Dispopiilf owpdsimentel

I1 comprend un sidge fixe sur lequel le sujet assls est fermement maintenu par un
harnals thoraclque, Les mouvemants de Na tdte sont libres,

Un projecteur lasesr Héliun=Néon et monkd asur un aff0t mobila autour A'un axe
vertioul proche de l'axs de rotation da la tdte. Il projette sur un éaren hémisphérique
une clble ponvtusile rouge de 1/4° environ, De plus, le dllnelltif permet la projectien
d'un réticuls annulaire, commandd en vitesse par un joystiok placd entre les gencux du
sujet, L sujet a pour tlohe de malntenir le rétioules aukour de la coible en mouvemenc.
Les écarta instantands olble rdticule sont suregimtrés au sours de chaque sssai. Ilw
pormattent de caractdriser la performance rédusaie par deus 4indicems:

1tdcart guadratique moyen B.0.N. { Root Mean Bguared Brror » R,M.H. error)

1'6cart maximun inscantand BN X, reoveilli au courw de 1lessai.

Un disposicif porté par la tdte rmet  d'appliquar une restriotion du ch de
visicn au moyen de disques perlords wjustés avant 1.’ ¢a3¥ des asanin, e

on sounille pour chague eanal lan mouvements osulaires par
Klectro=Qoulo~draphle (X.0.0.) et lea mouv '
HATAE A L ) sa mouvements tdte autour de l'axe vertiosl par un

[— OO O U U IR U VNP DRSS R YRR SNR L R PPN T R
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2.1 Protocols
2,2,1 Premiére adris expérimentale

Dans une premidre sdérie d'expériences, les sujets ont eu A accomplir une tldche da
tracking visuo~-manuel sur une cible se dipiq ant selon un mouvemant horisontal de grande
amplitude (t 85*), auivant une lol cosinusoidale. La cible a été présentéds au sujet selon
trois vitesse (o.i rd/m, 1.0 rd/s, 1.8 rd/s), l'ordre des vitesse des asnais sucaessifs
étant aléatoire. Deux conditionas de champ da vislon ont été étudiée, ochamp Libre ot
reatriction binodulaire de champ de vision {20°). OChaque piveay de restriotion ivlsant
l'oh;x« d'une session oxgdrimonen}q. -

Can résultats ont 4té compards avec uns condition de référenns en vision champ
iibre, sanw aucund tlche de tracking manuel,

2.2.2 et do série alpérimentale

ans une. aeconde série uxtirimnnttlu. lem sujets ont su A sxécuter une tldche de
tragking. similaire, Trols litude nrdte du mouvement ont é%éd utilisdas (439, ¢7¢, 8B%),
tandinm gue la  vitesr ardte de la ¢ible dtait toujours maintenue A 0,3 rd/4. Trois
nlveaux do restriction du oharp de vision (20°, 70%, onamp céwplet), ont Até explords
faisant chaoun l'cbiet d'une session lupirlmcneuio.

Avant chaque mérie expd:imentale, les sujets ont regu un enirainement jusqu'd
obtention d'una performance stable en placeau.

3 Daulata
3.1 Parformances
3,231 Rémuleats de Ja premibre adrvie exupérimentale

Sur I Zfigure n*l wsont portées les moyennes, tous suists confondus, dem N.Q.M.,
figurés par un carcla, et las E.M.X. Zigurds par un carré, La vision libre est figurée an
clair, la vision restreinte en nolyr, KEn absclase sont indiquies les troim vitesses
testdun dans les deux sens,

L'anslyse statistique des rdaultats montre une dégradation asignificative da la

rforinance quand la vitesas de la cible augmente. Par ailleurs, Lile montrent aussi que

1. :cztr&gi&ez de 1a taille 4, champ da vision n'est significative que pour lea vitesse
o8 plus élevien,

A ltiaaue de vette expérimentation, 4l apparalssalt que que la restrlotion du ghamp
de vimion periphdrique pouvalt affecter une thohe alyehomotrtc- effectuds en vialon
uventrale, On pesut penier gque dects dégradation est lide b la sortie hora du ghamp visuel
nolt de 1a odble, woit de L1'dlément conerdld, Cependant, les R,M.X., qui he constituont

a8 habltuellement un indlce pertinvnt de la performance, me sont toujours tenus en do?l
o8 limites des 30* du champ diaponible. De rlul. augun '“3“ de 1'expérience n'a
rapportd de parte visualls de la clple ou du vétloule annulaire de viasde. On peut dene
chlor que la  cause de la 4égradation de la performance lide A la restriction de la
.i%L:qu champ de viulon est due & une contrainto ordde par la modification du couplage
oelletdte,

3,11 Resultacs de la usconde série axpéyimentale
Bur la figure n'2 sone figurdes iem valsurs en degrés dus indices de performance

5.0.8,, rangén nalon L'excentricitéd de ls aible, L'snalyse statistigue des valsurs n'a
pas mis en évidence de dégcadation 4de la performence lide a 1'excencricité de la cible.

Bur la figure n®3 sont reportés les mémes lndizes, en fonotion de la &imenslon du
champ visuel. L'analyss statlatique de nos résultats montre uhe différence significative
antre la performanges réussle en oh libre ¢t la pazformance en ehln: rhy édtrolt
llO'i. Datis les conditiuns expérimentale grdlnnt‘un l'oxpéottnele statistique den

tats obtenus pour la performance de tyacking manuel donne den rémultats ambigus pour
ge qul cencerns l'influence de 1'axtension du ahamp de 20° & 70%,  Cette extonalon

rte pas d'andlioration nirn&lieaeivo de la performance. Inversement, la réduction
u champ de vision de  ohamp libre A 70' ne la dégrade par aignificativemant.

3,2 Coordination ceil~Thte

8L on considbre tout d'abord la condition ohamp librs comme une ocondition de
réfdrance, L'sxamen des mesures dep mouvementn de la tdte et des yeux nmontie des
3%::::;::::lnolen que i sujet exndoute ou non amimultandment une thohe de trasking

Le eeugluqo owilstdts relevé au ?eurl d'une aimple poursuits visuells sn champ
libre est L1lustrd wur la figure n'4. L litude du mouvement osuiaire est £10* anviren
:ou: rn moilverant de roc:ra de £85°, la FIXAYION (L.e. diffirence inssantende entre la
position de 1a oible et la poaition du point de tegard) est provhe de 0°, Quand le méme

P
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mujet, dans le mbme condition de vision champ libre, exdoute simultanbment une tdche de
tucldng visuor-manuel (figure n*s), on aconstate :uo la traoking est effectud au prix
dtune forte diminution de 1'amplitude du mouvement de la této companzée par un mouvement
osulaizre de plus grands ampleuy, pulagqu'lil atteint 30° enviren. A droite de la f£igure it
affiché le tracé de l'écart inscantand ocible-rétioule., La ligne droite indique que le
réticule a 4té parfaitement maintenu eur la oible pendant l'essal, presque jusqu'd la
fin. Cat sxomple concerns les sssais rtunt sur des oibles trés aexcentrées, maims les
mimea tendancas msont trouvédes sur dea ciblas de moindra axesntricitéd..

L'offet de 1o rastriction du ghamp visusl appazalt au cours de 1a chohe de poursuite
dia le premier niveau de ‘restricction: La figure n*é montra un exenple de poursuite
visuslle llmgic axdoutde sn vision dhamp libre par un autre sujet, L'excentricled de la
cible wat 287*, Liineroduetion 4'une reatrictien du ehlmg de viaion A 238° i!xouro n'?)
pgwmn une nevte-diminusion dea mouvements coulaizes, Notes cepandant que ls mouvemens
observé en condit on-ethp ihge luz In figure n*s et !hviiqumm aompatible aveo le
champ de viaion disponible dans oatte con tqurltloa. Sur la partis guuche de 1la figute,
les intillés représgntent lea limites 4du ¢ Imt visuel., Elles sont acaloulées
relativemont A 1a position de la tdte, augmentés ou diminude de la valeur ds la taille du
champ de vision (igi: I8¢},

ta !L'url n*s montre lem consdquences d'une forte restriotion du champ visuel
(210%), L'osdil sat quasi inmobile duns l'orbite pendant la poursuite, tandis gue la téte
porea 1o rogard, qui raste centrd au milisu du “tube' de vision.

Les figures N*9 ot 10 rdésument les diffdrentes mesures de positions cculaires A
différenta lnstants de chacun des emaais, selon la tdche effectuds. La Zigure n*) déorit
les pesitions moyennas des yeux an fonotion de 1'instant de la masuxe pandant 1'exdoution
d'une simple !curlutuc visuelle, Lea mouvement obsarvds en champ libre y sont inférieurs
A 20% La flgure n*i0 les déorit psndant 1'mxdoution d'un tracking visue=manusl. Les
mouvament oculaires ohservés sont de plus grande amplitude, malm restent, méme en
vision ohamp libre, inférieurs & 130°,

4 Disoyamien
4.1 perturbations du goublage cell-tite st viseux

La tAohe de tracking utilimée eut une “"poursuite” (Poulton, 1974), ¢'sat-d-dire
ue  les deux 4lémenvs visuels de la tdohc sont mobilem dans le champ. fa lupazt des
lapositife de vinée montés sur la tdte font 1'doconomie de la boucle de contrdls manuelle

du  rétioule. Il l'lgte dona; dans ce dernler ocas, da t:nek&ng oompensatoirs ofl le

rétioule ocoupe une position fixa dana le champ, le acontrdle appiiqué par 1'opératsur
s'axergant sur la position relative de la oible.

D'importantes modificutions du ocouplage ceil-tdte sont trés clairemsnt Spparues
entro les diffdrentes asituations expérimentules utilisées lors de cette dtude, L'un des
pointa les plus nets pandant la tlche de  traoking visuo-manuel est la rechersha d'une
plus grande mtabilied de 1la tdte, asmoaide b une  plus grande mobilité de 1'oesil. Lem
gonditions de rastriotion du ohamp de vision contrarient profondément oe bessin. Il faut
remarquer loi la similitude qua exiete avec une sltuation de vissur clulir o 1lfoeil doit
:rgngl:*uno rdfdroncs £ide dans le ahamp de vision, quelle que moit alsra 1l'aumplitude de
[ PRITAI.F Y

Les conditions de champ de viasion utilizdes au oours dv l'étuvde aménent & une
double tlohe: mettie 1a oible en position relative fixe dans le oh de vision et
aligney le gdgicule, Sur ce point le traaking eom?onlctntln effectiud aveo la tdte aveo un
viseur semble une asolutlon plus adaptée puitzu %) lu:prlmo une boudle de aontrdle.
Cepandant ce mgdn de ersoking, s#'il est amsosid & une tdchs manuelle de Itlotnzu, puut
auinl 88 révéler pénalisant sur le plan de 1a performance, pulsqu'il implique des
oaragtéristiques de déplasement de 1a tdte contralgnantea.

L'utilisation de vissurs crés grand champ, ocomme ceux évoqués pour les projet
américain de cookpit virtuel, seralent Linachérents aveo 1le mode de tracking
oompensatoire, La poursuite avec un pétioule mobils commandéd manuellement pourzalt alors
conatituer une sciution, Wur la Elnn de l'ooulomotriolitéd et du oouplage oell-tdte,
lloptimisation de tels viseurs ndcemsite vraissmblablemant de pouvoly utiliser la
direation du regard pour 1la fonation de déslgnaticn, Notonm au pansage gue les amplitudes
de mouvement ovulairea :-nennu:;cu AU cours des pou:luitn: aont cohdrentss Avad las
performances attendues des systémes du mesure en coura de ddveloppement.

4.2 Rigenalon du chaup de yvisign
4.3.1 BEfetm sur la coordination ceil-tdce

La préwents dtude #'intéresse A un oh de vision binooulaire oirculaire.
Cependant, du falt de l'exdoution de la  tdche danm un plan horimontal, 1'analyse dea
résuleats ne peut porter que sur dea consldérations lides l'oltcnllun iatirale du

ohamp.
Le pro ltgz de la dtmoglion du champ 323.13195 8 optroniques montds sur oasque

.
paut Atre oonaid comme arusial., Outre lem ultés teohniques rencontzdes dany 1la
téulisation de systdmen "grand champ', le coQt des viseurs présente une nette tendance A
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cugmenter sur un myie exponentiel, en fonetion de l'nmrlinudo du champ requis. D'autre
Krrc, 1a dimension du champ conditionne dgaloment l'envombreament du aystdme et la

istance cell-viseur. Le probldme de l'ehoombrement est particulidrement important dans
lgn avions d'armes, Au falt de l'exiguitd des aockpits et des dvnlutiona sous facteur de
oharge.

Dans ostte optique, les résultats cbtenus aves les champs de 20° et de 70 au
ocours de notre dtude quvrent une yols dw péflexion intérespanta. On conatate que las
medifications du couplage oeils-tdte indultes par la crestriction du champ sont, d'une
maniére ralative, asses proches danx  les deux ocas, En particulier, 1la restriction

rovogque un mouvemant de la téte de ¢grande excentricicé, proche de celle de la ¢ible, A
4 source d'une contrainte biomécanigue par ratation u:z e du dou. .

Pourtant, le sh de 70% permet d'effectuer des déplagenents de l'oail au moins
dquivalones & veux observés sn  vision libre. Sur de polnt préols, 1'|xh¢?lton 4u champ
de vision n'apporte gu'une amélioration relativemen: faible dans le sens d'une vsratégle
pius natucells de eoo:diuuelsn deil-tdte. CQette amélioration ne a'sffectus en aucun cas
on proportion dem possibilitds offertes par 1o champ & 70°,

42,2 Effets sur la pariormance

L'absence d'effet excentrioitd de la oible sur la performance parmat d'écarter
une origine pursment biomécanique de la modification de performance. Mals la prdsence
Adtun effet 1ié & la taille du champ visuel parmet d'snvisager un effet neuro=-msensoriel.
Les crésultacm abuanus lugq.rlne !un la dagrudnttan den capagitds Avee la réduction du
champ de vision ne se f£ait pas selon une lol harmonieume, Il semble iol sxiater un effet
ds  "bord" qui oconditionne les modalités d'adaptation d&u ocouplaga oall-thre et
paut=4tre, de la parformance de tracking.

Il existe, bien s#Qr, beaucoup d'autres dJléments ?“1 interviennent dans l¢
probléme du dimensionnement du chanp dea vissutrs, Les premlers réaultata obtenus fol
permattant ndanmoins de Zfaire l'hypothése qu'il aserait, peut~itre, glul payant! de
s'intdresser au contonu du ochamp qu'd son extension de guelques dimaine de degrés.

Ces réaultats mdritent cependant d'dtxe gonfirmés par des études portant sur des
oibles se déplagant aldatoirement et sur deux degrés de libertéd.

5 genclumion

Les rdsultata obsanus au cocurs de ocette Atuds aur l'effet de la restriction du
ohamp de vision sur la performancs de trncktng manual mentre l'emistance d'une
dégradation de la parfor mance amsooide A la restriotion du champ, Cependant cotte dégra=-
dation raamte dans tous lea oas modérds., On oonstate de pluas yne réoryanisation des
méganiame du couplage ceil«tdts au cours de la poursuite. Il n'wxistes, & oa niveau, que
relativement pau de différence antre les champs de 20 et 70*, par rapport &
1'extension des possibllités offertes dana ce dernier can.

L'exploration de diffGrentes excoantrioltés de la oible permet d'éaoarter
1l'hypothise de la contrainte blomboanique & 1'uriztno de la ddgradation ds 1la
performance, Il memble Qu'il soit nécessaire de s'orlenter vers des méuanismes neuro~
asnsoriels, pour expliquer la Dalave deo performance en vision restreinte, Parmi ces
méduanismes, on pesut avanoer 1: perturbation 1ide A 1'augmentation de 1a mobllitéd de ia
;:::.:!:e~in restriotion, qui contrarie le hesoin de atabilité pour exdouter la tdohe

Bur le plan pratique, 1'optimimation de visourm trés grand champ gour la
dénignation nécessits mans douto l'utilisation de Llu diregtion dx rugard, Par allleurs,
1l'uxtension du champ des vissuss de casgue A des valeurs Aintermédiaires peut apparaitre
:ﬁ:gu&:g&o, 4u moins au xegard des ccnaidératiuna de aolt et d'vmélioration du couplage

biklicarachia

GAUTHINR G.N., OBRECHT G., PEDRONO O,, VERCHEA J,L., MSTARK L. (1987) « Adaptative
optimiantion of sys-head acordination with asstudud peripneral vision,

in 3.K, O'Regan & A. Levy-Schean (24), YA RMENTS : From Phyaiology to Qognition.
Rlsevier scionce Publishers aV. pp 1 201-410

-
S

LEIBOWITE H.W., DICHOANS J, (1980)  The ambient visual 8 |c3m and spatial orlentation,
in 1 Agard conferenue Procesdinga n® 87, BODS (NORWAY), I!l

2OULTON I.G.(l’?t{ t Recormended Methods of scoring.
n ¢ Treoking Sh'1l and Nanual Control.
ACADEMIC PREEB ING.(N.¥.)

.

e b




16-8

VL VR
O © EaM }
O W EMX
rary 1 l
* 10 E ’ [
5 ) . ? :
0 o)
Kvolullon des Moyennes do:o'gor!;}gcn::': rdn
selon leMode (VL ou VR) et s Vitasas {~1,8 & +151d/s)
Houe PERFORMANCE de 'I'RACKING
rapportée & I'amplilude du mouvement
de la cible
"
e
Ecarl b + + +
Quadratique ¢
Moyen 3
(deg) P
1
0 + *
44 70 4o+
Houry 3 PERFORMANCE de TRACKING
Influence du champ de vision
1
6
Ecar ot + +
Quadratique 4 + ;
Moyen 3¢ ! ,
(deg) o1
1
0

Champ visuel 80+ Champ visuel Y0+ Plein Champ e
visuel P




16-6

D e eI T

Higwe 4
whjinb?  F.0uall Panh Torgal Lasontrinily 08 ey [T YT Y A NVRTIM T Ponk Taegal fanmnleiiily 108 dap
ﬁﬁ’:_‘u T Wi dT N7 WL WY Al ) u"f‘”,‘:h T Wil | TS W AT ST Y]
AT T

\: >: ! NN

subjesbid .00, Pull Ponkt Torgoh Casantriaibly AT dog
1
:...I.I"“ bt

/W m “""'/ou (n "y ...rt--t)l-n.. . rares

A

suljustit F.D.U.Y0 duy Pasit Targol Casenbriaily 187 dag
hr’ot o
(117 i P

Haud 280 a8 we o34 _‘J‘I--Lun_.u
y“f / ¢ 1 Houre ¥

d

A

|
g

\ \
subjesbid  £.0.U, 100 dag Paak Torgah Basunbriuiby 167 dng
J.v ok o

T bl

m Hosd u;._‘“ o fuution
T b

Houre #

4

2 A E‘ i

) ™ \ \ <
N
"1\1




167

(VISUAL PURSUIT]
R”MWPMI:“
vorage Poa Full PO,
Ampltuds (*) FOV. Widlh 70+
» L |
L}
[ ]
Xw
[ ] x o T;:“‘
R ° X 1w Amplitude
KON, Widlh 20 o T
" Meema— o
. $ 8 s ;
o 5. n B o o B Target posit
related to

To T/& T To T/® T To T/3 T movement period

[MANUAL TRACKING]

Bys Muvement
Avwrag Pk Fulrov
N:yllhl ® FOV Width 70+
RN,
» x X
. ¥
Y ]
» ]
N X 9 9 [} [] [s]
OV, Width 80 o
" °
o ! ]
' ,
Target poaltion
' L_ﬁ &, B v

related to
To T/8 T To T/ T To T/8 T Mmovemsntperiod




171

NEUROPHYSIOLOGICAL CNRRELATES OF INFORMATION PROCESAING ABILITIRS
DURING DIVIDED ATTENTION SITUATIONE IN AIR TRAFNIC CONTROLLERS
by
8. Pored,® 3. Dell'Erba, L. Rigelo, M. ketronti and P, Venturi
*ltaliun ALr Foree DASRS Neurdpsychophysioiogy Group,
Pratica di Yare Alrpors,

00100 Rome
and 111 University Payohiatrie Clinie, Univeraity 'La Sspiensa’,
Viaele dell'Universith 30,

00188 Rome
Italy

Sunmary

The wim of the wstudy was to elu.idate which relationships exist between arousal, ocognitive
functionlng and generalised expectgnoy of control in a group of air traffic controllers (ATC), in
vonditions of single and dual tesks. Furthermore, under the same conditions and bamed on performance
outoome, 1t wam sttempted to evidentiste eventual differences in cognitive funotioning whicl, could be
related to the diversity of professioral ATC skille.

Our data show that arcusal im inoreased in the dual-task, N2 peak latency is positively ocurralated
to arcusal in both tasks, ¢srrelates inversely with perceived control in the single task and ralates
invarsely with sctivation in the dual task, and adjusted aroumal ocorrelates with perceived oontrel.
Finally, K2 peak latercy appears to be sensitive to ATC skill.

Introduotion

ALy traff! ontrollers (ATC) are individuals who are forced to deal with ocgnitively complex
situations /.. professional ressons. Using the parameters of information processing theory (nattern
recognition, stimulus evaluation, response selection, observable behaviour), it can be supper - at
AlCs perceive a set of stimulations which are simultaneounly nodifisa and subsequently o.iar'' d;
thus, the moat correct reaponse in a given mituation will be cnosen on the banis of the preasiected
deta organisation. ATCa are subdivided into three satagories:

1) tower controllers;
2) appracohing controllers; and
3) arsa controllers,

The latter, wlthough being assigned s particular duty, have alss professional gqualities to deal
with tower control and aivport appromohing; thus they reprasent the wubgroup cf ATCs with the broadest
capacity ¢ intervention on air traffic. Therefare, it can he said that the sres controller acquires
an experience whioh aliows him to resolve the antire range oi problems pused by sir traffic oontrol,
The queolion tha®t might be asked at this pelnt, {e whethe» acquiring this experience is translmted
into « different informatlon processing capscity; does knowing how to deal with situstions
charmaterised by a higher number of varigbles results to changes in the ochoice of operational
strategies, bused on codirication end clessification of joining stimuli?

{t' a laboratory paradigm ls used, it is posaible to focus on mors than one levels of investigatior
to try to respond to this question, A firat lwvel to f:-us regards the evaluation of wubjective
behaviour in defined performunce tasks, A second level concerns the analysis of stimulus-eveked
cerebral biosleatric activity adecclated with the ongoing performance, which permits to explore
perzeptive macharisme. A third level is represented by the evaluation of the level of arousal (tenic
wtate) and of the degres of activation {phasin rasction) in various situations; in this way, it is
pussinle to measurs the physioclogical somt of tie cognhitive funotioning. Finally, if we assess the
perceivad contrul of reality expressed by the subject, we may test response outcoma expectancies based
o passad experisices, By correlating data stemming from the apove levels, it is perhupe possible to
extrapolate more pracimely on the relationships between psychometrio paramsters and behaviour,
modulating in the sane time such relationships by means of informations on cognitive funntioning and
state of individuml activation (1), Analysing in detail some aspects of the above, it should be
emphasiged that cerebral svoked putentimls represent a means of studying inrormation processing theory
as sprlied or percmption, Thanks to defined experimental paradigms, the slectroeartical corrslates of
some {nitial phasen of informmtion processing have besn identified {2)t
1) welesativa attentlon is correlated to the negativity of processing (post-stimulus latenoy from 50 to
several hunired maec) (3), otharwise termed negative differsnce wave (Nd) (4); often, attention
rodificutions are corrdlateu to the effect on the N1 compponent (post-stimulus latency 100-~140 maec)
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because the latter tendm to overlap to the negativity of processing (5,8).

2) The N2 component (pomt-atimulus lateney of about 200 msec) is subdivided inte a mismatch negativity
(N2a), correlated to physical changes of the atimulus (6,7,) an N2h wubcomponent, related to
expectancy mismatch (8) and an N2¢ subcomponent, which can be related to the olassification of the
stimulus (€). Over!spping with N2A, is the the negative deflection NA, corresponding +6 the phass of
pattern recognition {stimulus codification) (9),

d) The P3 compohent (poat-stimulus lutency 230-80C meeo) would relate to working memory up-date (10)
and to globul evaluation of the stimulus situation (2).

In the dual task paradigm (Whén the subject im asked to follow two inputs) (11) and in the cuse of
the “oddball paradigm, wheré one of the Pdquired perfomaticts is the identification of target wtimuli
intersperaed in a series of standard atimuli, the analysis of vervbral potentials svoked from taryet
stimuli permite to evidentiate the particular vensitivity of the P3 ocomponent to the quantity of
perceptive reacurses directed st deteoting the target stimulus (2), This means that the more difficult
the conoomitant task, the gremter the P2 wave :hange (12), which amplitude will diminish as m funotion
of the quantity of perceptive resourses withdrawn from the subject, On the othar hand, it ie ocommon
sense  that the ;orformance is beiter when only one task is undertaken and eapscialily when the
cognitive load is lems, pointing at the presence of a defined any limited quantity aof energetio
resourses (13),

In  information processing thsories, a oentral aspect is represented by the idea that the
performance of a piven task depands on the employed processing stiategies and on the degres of effort
or on available resouroes (14), Processing trudtures compete for those limited rescurces and this
explaing the perfurmance deficits cbaerved in the dual task paradigm (11). To assems the quality of
information procesaing, it is necessary to know the organism’'s quantity of available rescuraes, The
physiclogical snergy level (arcussl), which is translated into both behavioural aud psythlc snergy, is
determined by the entity of bodily metabelie astivity and is expressed hy brain bioslectrie activity
(18), The arocusal lavel of an opganism indicates the quantitative limits of a bwhavioural response
and, in the same time, its emotional state, The conwcience level and emotional arrcussl are intimately
related (18). This entails that when e dual task paradignm is used, it is importent to analyss not only
the activity of the prucessing structures which compete for available rescuses, but the wubjeotive
enotional state as well. Thie iy suggested by the timesknown inverted U-shape relation betwesn srousal
level and performance (11i). The arousal can be a 20d in three ways (1)!

1) As s tonlc state; in this cmee it is anslysable by means of serisl sampling of physiologloal-
bicchemical and behavicural parameters, and parameters related to eelf-evalumtions during the steady-
state phasts,

2) As & phasio reaction correlated to everts; in this oase it is subjeat to evaluabtion on the basis of
psychaphysiological variable modifioutions (e.g, heart rate) versus e base-line condition,

3) Aw a trait, i.e, resctivity pronensss; in this came the relutively stable predisposition to shew
higher degress of mctivation and/or remction under certaln experimental conditions is wtudied by means
of quastionnaires,

As indioated in this Luet point, the subjeciive emotional state reflested cn the arcusal level
depends  on certain pergonality oharacteristias (18) and also on how the subjeot faces reality (17),
Whereas the corralations between physiological reactivity and personality questionnalres are nmodest
and in many cases nonsignificant (1,17), the importance of the role of psyshologiosi variables, wueh
as peroeption of gontrol und outoous expeotations, is inorsssingly resogniged as being in a position
to explein in a more somplete and refined wey séversl observable behavicurs and their underlying
phywiviogical resctions (17,18). For example, s recent wtudy by Ullsperger et al. {19) showsd that P3
wave anplitude Lncreases with inoreawing task complexity; this appsars to aorreiate with the subject's
svaluation of task diffioulty. This evaluation is bawed on a subjective refersnce system oslibred on
the experisnce of how much energy is necessary to correstly resclve a basic task, This atreases the
impurtance uf subjective evaluation on the degres of activation, which is {n turn responsibls of asome
observad modi{icaticns of evoked patential componants, In thim light, a construct which revesled to be
interesting for its impliomticns {w that of Rotter's locus of contrsl (20), Thls refers o the
generaliped expectancy tending to perceive the positive reinfordemsnt of a subjeot's motions sither as
depending on his/her own behaviour {internal loous of control) or as the result of the action of
forces whioh are beyond individusl eontrol (external locus of contrel) (21), In the sheve defiaition,
the term generalised expeatancy refera to the concept that expectancies are Stransferred from one
context to ansther on the basis of previcus experiences, Thus, generalimed expectancy {ncreases with
inaressing individual experience with respest to m siven situation (21), Therefors, sn individual who
perosives reinforawment us depending either on hism/ner own wctions or oh nis/ler relatively permanent
sharaoteristics, will present generslised sxpectanoies of internal control, in obher words the
percoption that events are under nis/her oyn control. Furthermors, in the conetruct of the locus of
control, tws dimensions are contained (2%): locus of oausslity, relative to the establishnent of &
Btimulus-responss  contingenay  (“the remponsability for what i happenning is  nmine") and
controllability ("is the event controilable by mysslf or not?"), This last umpsct is particularly
interesting, because it influwnces coping modalitiss, For example, individusle with & prevalsnse of
internal locus of control appear to adopt a behmviour which {u ocentred more on the task than on the




i,
)

17-3

emotion (23), thus they perceive lesa stress and perform better. To summarise, if the subject believes
hinself to bo ocapable ta deal with a given situation, the atrategy he utilises in resolving the
inherent problema is that of concentrating on the apecific problem (inorsased arousal with na. reported
stress (18)). If the subjeot believes himself not to be able to. dompletely eontrol the situation, then
the ocoping modality is based on the managemant of emotion (inoreassd arousal, but only when the gosl
valenae is high; thim is reported as stressful (17)).
_ In conclusicrn, cognitive svaluation results in energy mebilisation (which entity is a funotion of
e goal  valeios), which will or will not be expynded Tor the asiution of the problem posed by the
event depending on the subjective expeatancy of dontrol.

Alm of this wtudy, condusted on ATOs involved in a dusl tauk, was to olarify some problems:
1) Which dis the relsticnship between arousal and cognitiva functioning, as axplored through the N2
eomponent of cersbral event-related potintials (ERP)?
2) Which {s the rélationship betwsen control expsctancies (peraeivad aontrol) and cognitive funotion
(N2 of ERP), when the effeot of the arousal level is excluded?
8) wnieh ian the relationship vetwsen aroussl and perceived control L{f intersubjestive differsnces of
cognitive functioning (N2 of KERP) are eliminated?
4) Are differences in ATO skill in handling cognitively complex situations refleated on aognitive
funotionlng (N2 of ERP) in the context of a dual task experimental baradigm?

Naterials and Methods

The study has been divided in two purts:

a) We attempted at eluaidating which relationships exist batwsen arousal, cognitive funotioning and,
generalised expectanoy of control in a group of AlCm, in conditions of aingle and dual tasks, '
b) Under the wsame oonditicna, based on performancs outcome, we tried to mingle out aventual
differsnces in ocognitive functioning which could bte related to the diversity of profassional
experience,

The aqua) task to which the subjects have been subjucted consisted in the idsntification of turget
acoustic stimuli randomly inserted in a serias of standard scoustic stimuli (oddball paradigm) and an
arithmetic task of wserial mubtractions, The results regerding the dual task situstion have bren
compared with thoss regarding a single task oondition, in which subjects wers simply requirad to
identify target acoustio stimuli in u similer to the previously mentioned oddball paradigm. The
evaluation of the arousal was carried out through monitoring heart rate during the entire session, The
evaluation of cognitive funationing was carried vut by considering the N2 peak latency of the cerebral
evoked potantials asmoolated to acoustic target wtimuli, The choice fell on the N2 componeni for the
following ressons:
= it is assoclated, aw in the case of the P3 component to target wtimuli (7)

- by inereaming reaction time, N2 snd P3 latencien increase in an approximatively measuradis way (7))
= N2 refleats, as we desoribed previously, a decimioual process, corrsiated tec sensory disorimination
of expected stimull (detsotion of physical shangen of the stimulus and clamsifination of the stimulus)
(243

« the N2 componsnt is responsible for, or initiates in parallel, the neural activity which relates ¢o
motor responses and to refiex procesmes in the P3 component (28);

= N2 is sensitive to the nature of the clamsification task (24).

Payshomatric evalustion fooused on analysing state anxiety before and after the experimental
seasion, in order to have indioation on the initisl leved of anxiety, on ita eventual modifications
during the course of the mession and on ite relationship with the recorded arousal. The determinstion
of the locus of oontrol sllowad us to analyss the role of perceived control cu the tonic state of the
arcusal and on the type of phasic reaction under conditions of simple and dusl taskj furthermoras, it
permitted to test the significance of psrasived control o the process of sarmery diserimination of
expeotad stimuli (N2 peak latenoy) in both conditions,

Sanple

Twelve healthy, right-handed male ATGs voluntesred to partiaipate to the study (age, mean 29,88
8.D: 3.8), Bix aubjeots, skilled in ares control were olussified s skilled, whereas the remaining 6,
who. only had tower and/or approaching procedurs experisnce, were olasaified us less akiiled. Moreover,
6 non-ATC subjects of omparable age and souio-sultural level (nonesikilled) were used as the eondrel
group, in oider to revesl more clearly parformance and cognitive function Aifferences in dusl task
oonditions (point (b) of the experimental demign), Because »f technicmi problems inherent ¢o heart
rate recording ih 2 ATCw of the less shkilled group, the analyass regarding areusal vere oarried ous en
10 %CAs.
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Data colleation

Heart rats ham been recorded by positiuning Lwo pregslled  Ag/AgCl elsctrodes at the zad
interc.atal spmce on the left parasternal line and at the Sth intercostal space on the left hemi-
elaviculan, line, An Osford Medilog ROCO mpparatus has bEen umed Lor recording on a TDK-SA 90  tape
{high bian, 70 miorsaes EQ), .

Coerebral hicelestric aotivity haw .een recorded by meany of Ag/AsCL olcoevodon. ponitioned on 17
leads (F7, P3, Fu, F4, .FO, T8, C3, Ca, C4, T4, T8, P3, Pm, P4, 76, Ol, 02)} for the purposes of this
atudy, only the aotivity recordsd at On has begh consldered, becaus® the latter is one of the leads
wherss  tne N2 denponent i best vicnalised (7). Odular movement menitoring has tesn carried out by
placing an Ag/Ag0l svbove the right suprsorbital ridge. Reference was linked bimastolde, The time
otstant was 0,3 eec; . the high freguensy remponse was 80 !lm, Thanks to a slight abrenion, the
impedence was 2 Kohn, A noten filter was introduced, Sensitivity was & .mierovelte per. om, Cersbral
ERPs - were obtained by means of asoustio tones (intensity 72 d8 HLi plateau 30 msec) pressnted
binaurally through earphonss. Target stimuli (frequesnoy 1000 Hu) were randomly intersperseci between
the atandard stimuli (frequency 1800 Hx). The number of target stimuli ranged randomly 1<-16; the
probability of their sppearance wam about i every B standerd stimuli. The interstimuli interval ranged
reandomly 1000-.300 maed,

To svaluate state anxiety we umed the 20=iten Xa) rorm of the State~Trait Anxisty Inventery (8Tl
Xe1), n d0-item, self=rated questionnaire (268). To analyse control expeotansies, Rotter's Internul-
External locus of Qontrol Scals (LOC), a self-administersd scale, was used (20,21).

Proosdure

The experimental ! islon tonk place between 09,00 h and 14,00 hy it ceneisted in  the following
phaces:
1) Arrival at the laporatory; habituation to the setiing,
2) Rleotrode placement for the recording of arousal,
3) Electrode positiuning for elsotrical osrebral bioactivity vecording: during thla phase, the LOC was
rilled out.
4, Once the subjest was prepared. hl sat confortably in an air conditioned, dimly lit and nolse-proof
environment, After having completed tue STAI, the subjects rau 2 trials, each conristing of eonly 2
target stimuli, av that the wubject oould learn to identify such stimull,
8) The single and dual tesks wers thersafter presented in a random order, the mubject stay.ng with
ey3s olosed; he wau nekad to count the perceived target stimuli in silence and, in the oase of the
dunl task, to perform simultaneously his arithmetic task (werisl subtradtion of 7 from a thresn digit
starting number), always silently, The duraticon of the task depended on the time necessary to present
the turget stimuli (4-8 minutes),
8) The mibject vas asked to. pressnt the results and was informed on the correotness of his
performance| finally, he filled out the STAI X-1 for s second time,

Data procsmaing and statistical snalyais

Heard rate has baeh analysed off-line on the Oxford Medilog RUCO apparatus (timo wonstaht 0.1 seo:
high fryquency cut-off 30 He| gain x 2) By two tatery blind to the results, The time nesdea for tamk
performancs was subdivided iy epechs of 16 sec ssahj the number of QRS complexes pe8r wpoch was thenoe
deternined and expreesed ar beats per minute (bpm), Finally, the nesn heart rate haw baen osloulatsd
for the entire durmtion of swch of the two performances by summing dats relative 1o separats epochs
(tonic wtate). The mean bpm valus of eight 18-sec epochis haw been nonsidered as baseline; for thia
caleulation vwe chowd 4 epochs 30 mih and 4 epoche 1B min pre-ERP racording. To evaluate changes in
arcusal (phasic remotions) during the various phases of the semsion we culoulated percent shanges of
mean heart rate valugw with respect to vaseline,

Averaging for ohbtaining ERPs was oarrled out“onuiine, Bimilarly, every ERP underwent wmoothing
oomputed on 6 puintm, The sampling inlerval was 2.5 meeo for s period of 1000 musc post-stimulus. Neau
valuss of reoponses to target atimuli (ERPE) were censidersd; the N2 peak latensy was ssparately
Ldentified by two raters blind %o other results, To identify such latensy, we considered the Ni
component as the mont negative pesk comprised in the 200-300 msec postemtimulum intervaly furthermers,
we tried to cenficm our hyputhesis on the basis of the wpatio~temporal mar of the evoked cerebral
blopleactrio activity, To evmluate the performanse on the arithmetical task, we meanursd the tumber of
operations per minute. Given the reduced numerosity of sur sample, we chose to prefer non-parametriq
statistical analysia, aventually . (ng parametrio technigues to sonfirm our nvidence, Intra~greup
compurisons  wérs made by ueing the wilcoxon Matched-Puirs Bigned-Ranks test (27) and ANOVA leway for
randomised blooks (20), For inter-groip comparisons, we used he Namnekhitney Ustest (27), To
osloulate correlation wcerficlents, we ussd the Bpearmsn rank tewt) the significance lavel of mush
coeffiodents was detyrmined through Btudent's ¢, whioh is possible %o apply whan the enperimental
sampls. is equal to or more thah 10 subjeots (27). The evaluaiien of perfarmancs shange in paseing
from She single to the dual Samk, wat meda thrdugh the ohi-gquare test (27). Wy sought ror &
regroseion ling betwesn the N2 pwsk latency and aroussl (hear: beat) 89 that we onuld use shalysis of
covarignas and adjust values, thus to exclude the effect of arnusal on cognitive funotioning and vice

1
¢
H
!
{
|




178 !

verps (28), Finally, we used simple linear regression snalysis to evaluate the relationship between
arousal modifications (phasic reamctions) and sognitive functioning (28). The out-off point for
statistiocal significance was assumed to be p 0.05, twowtailed.

' Results

Dual task performance yislded m highly significant increase in heart rata with respect -to. kawe-
line  (Wileoxon's rank test, T, p 0,01} ANOVA l=way, Fe30,33, p O.c1) and 0. the wingle . task
situstion (Wilcoxon's Twd, p 0.02) ANOVA ieway, Feil,93, p 0,01) (Fig, 1; Tab., I). On the contrary,
single~task performance did not induce significant heart rate modifications with respect to. basseline
(Wilooron's Te20, nonsignificant (n.s.)) ANOVA luway, Fe2.18, n.s.) (Fig. L) Tab.1),

The ddentification of target stimuli was rendered more difficult by the aimultaneous perfermance
of mental srithmetio caloulation; the number of errors is significantly higher (ohi asquarex8,041; p

0,08) (Tab. 1),
P No. significant differences were. found in the N2 peak latenoy betwesn the dual snd the single-task
conditions (Wilcoxon's Twll, n.m.; ANOVA l-way, Fa0,438, n.s.) (Tab. I),

The level of wstate snxlety did not change signifioantly during the semalon of ERP recording
(Wilcoxon's Taldj n.s.) (Teb, II),

N2 peait latenciws and heart rate were positively ocorrslated during single<task (Spearmants
rhosD. 821, ted,087, p 0.01) (Fig. 2) and during dual task performance (Epearman's rhos0,063, te2,5i8,
p D0.08) (Mg, 3), The sppiication of comvarisnce analysis snd of the msthod of adjusted Y (28)
permitéed to. evaluate the relationship betwesn the B (external ocontrol) scals woore in Notter's test
(Tab. II) and the. N2 peak latensy, excluding the affeot of arousal; these two. variables wvarse
positively correlated during single-task performanae (Spsarman's rhos0,714, ta2,888, p 0,08) (Fig,
4), whersas during dusl tssk performence, no oorrelation was evident (Spesrman's rhom0,173, ta«0.487,
n.EL ). Adjusting heart rate values as & funation of the N2 peak latency (thus excluding from the
relation the effeot of cognitive funetioning by applying the method of adjusted Y) an inverse
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correlation bstwesn adjusted heart rate and E sdale scores was apparent, both during single-task
performanse (Spearman's rhom-0.689, t=-2,689, p 0,08) {Fig. 8}, and during dual task (Spearman's
thom=0,748, te=3,189, p 0.02) (Fig, 6), No.correlation was appurent hetween pre-ERP recording state
snxiaty, and heart rate at bave-line (Speavmasr's rhow0,4dl, tel,39, n.e,), during single-task
(8pearinan's rhowd, 884, ts1.834, n,a,) snd dusl-task performance (Spearman's rhow0,038, te0,11, 0.8.).
Morsover, no- aOrrelation wam apparent between self-rated state anxiaty prior to. taok performance and
degrea of arousal modification (metivation) with rawpect to. base=iine during single- (Spearman's
EHOu0.2; 0,877, n.d.) 4fid dual task performancs (Spsarman'e Phom-0,318, te«D, 98, n.s, ),

Similarly, no oorrelation emerged between the [ wscals wcorsé and asctivation - (singlestasit:
Spearman's ‘rhow0,18, $u0,4B8, n.n.i dual Yask) Hpearmen's rhowe0,222, te0.844, n.x,). A significunt
linar regression was instead present (ANOVA luway, Fu7.81, p 0,08) between N2 pesk lateney and
astivation (eorrelation copfficients«0,703) only in the duml-task condition (rigs 7).

' In the intergroup comparisons between wkilled mnd leas skilled ATOs, wo. differsnaes emerged when
svaluating!

= baséline arousal level !Mant=Whitney's Us8, n.s.);

« arousal level during single-tawk performanae (Mannwhitney's Us?, n.s.)}

= £ scale mcores (Mann-whitney's Usll, n,m.).

= arousal level during dual-task perfarmance (Mannswhitney's UweiO, n.s,),

= N2 peak latenocy during dusl-tmsk performance (Mann-whitney's Uwld, nis,),

The only atatistically aignificant difference in skilled ve, less wkilleu ATC compsrisons regarded
N2 peak latenoy during single-task performunce. Skilled ATCm had shorter N2 pesk latencies compared to
less skilled ATCx (Mann-Whitney's Us3.8, p 0.02), The abtempt to alarify which s the vole of
axperience on eognitive. funotioning (N2 peak latensy) in dual-task performance was countered by the
“act that only ¢ subjects out of 18 performed sorrestly on both taske. However, even in this came, an
interenting, although ron-significant, datum emerged (Tab, 1I1); N2 pesk latenoy was lems in wkilled
ATCs  with respect to the other two wubghoups, ahd less in ths lesn skilled, as comparsd to the non-
skilled (non=A1Csm),
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Disoussion

In this astudy, we attempted at didengifying eventual relationships betwsen vognitive and
payohomstria variables and expsrience i{n complex task performance,

igniticant data emerging from this study, are the following:
1) Arounal im increased with respesst to bame-iine only during the dual-task performance,
2) The simultaneous perfaormanoe of mental computation lsads to decraased detection of target stimull.
3) N2 pesk latency is positively correlated to the present level of arvusal, both during single-~ and
dual-task performande,
4) Wwhen the sffect of the intersubjective differentes in arousal is excluded, the N2 peak latenoy
corrslates invarsely with peroeived oontrol only during simple target detection,
8) Exoluding the effect of the ‘cognitive funotioning' variable, arousal im positively correlated with
perogived control in both experimental phanes,
6) The mmgnitude of activation with respect to bane=line is inversaly rslated to the N2 peak latenay
only in the dusletask pha
7) N2 pemk latency iam re vhich is sensitive to “he degres of N0 experiende, It is less in
skilled as compared to the less skilled during single-task performance; m¢ the same performance level
in the dunletask and within the range of valuge shuwn, it is minimal for the skilled, intermediate for
the less skillad and maximal in the nenegkiiled,

The dual task condition determined, am alresdy deseribed in literature (30), wn inoreased arcusal
and & reduced performancs guality on target detection, The nsoessily to shere the available energy
betwsen the two. teske, explaine wsush o reducticn, The oognitive evsluation relative to. the
nontrellability of the experimental situstion may explain the difterent levely of arcusal found in
this study, 1In fact, from the present results it may be concluded that the higher the perceived
aontrol expectancy, the higher the arousal level in both the single= and dualetusk situations. It is
probable that Individuals with a higher generalised expectancy of aontrol are more activated ¢to
confirm thelr capssity to. deal with reslity, The phymiological cost of a similar cognitive funoticning
would conasquently be higher in individusis sxhibiting a higher perceived control, Howsver, the
oxistence of an inverre dorrelation between the N2 peak latency and perceived control might indiemte
that subjects having an internal locus of control posssss aifferent modalitiss of facing problems. 1In
fact, individusln with a higher sxpectancy of control weuld tend to remolve problems, whereas thome
vith an external locus of control would foous on smotions whioh are determined by the situakions they
are ounfronted with (17). This not only vormens performance, but probably also interferes with
learning, This lust conwideration is bayed on the evidence of a study by Oalllsed et al, (81)., Thess
authors obasrved that practice increases the speed st which stimuli are glussified after codiflsation}
the effeats of practice becone svident R00 meec after stimulation snd are Shersfors reflscted on the
N2 component oharacteristics, If experience speeds up stimulus quality sownning and resulte in higher
peresived contrel, then, generalising, we should obtain a reduction in N2 peak latency as & function
of the eutent of perceived econtrol, Our results suppurt this hypothesis, ainoe this negative
correlution cocourred in the single-tamk condition, In the duml-task oondition, the metivation (phasie
repotion) wis conspicusus, thus probubly obscuring such correlatien, To further compiicats the
pioture, s our result of a negative correlation hetwean N2 peak latency and the sctivation relstive
to. the dual tesk porformance, The existence of u positive vorrelation betwesn the level of arousml
(tonic wtate) and N2 pesk lmtency in either tamk conditions appears to. indicnte & worsening of
cognitive funotioning when the orgunism's energy le not directed, through o phasic resction, at
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overconing an environmental challengs.

The importance of experience in information processing is evident ir we conmider that the process
of stimulue quality discrimination ie fuster in skilled ACTa, Qiven the amall numerosity of our msample
it 1ie premature to.draw definitive conclusions, Neverthelems, cur remults hint at N2 peak latency
being & means of differgntiating between. lktllnd and less mkilled or noneskilled subjects nnd prompt
at inventipeting thoroughly thin potnt.

Concluaions

Fron & methodologioal atandpein$, ®his study was an attenpt to.ashieve an integrated approach, in
order, to. axpliore simultanecusly puyohomgirlo (lotus ef control and state anxisty) puychophysiological
(ERP and arcusal) and behavioural variahles. (performance). Sush an approsch im limited by the absence
of eomprahennive theoretioal construots, comprising all investigationsl levels. The utility of atudies
of this kind 4s  ©0. correctly define discriminant funotieons whioh ¢ould permit to dlftorontxnto
individual behmviocura iu differant contaxts,
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RESUME

Loy variations du niveau d'ével! su cours d'activités monotenes ont été montrdes par de hombreux suteurs, Dans Je
Jomalhe adronautique, au cours de vols long-courriers, ces variations du niveay d'évell pruvent dégrader ln
petformania et la capacité du pilote & appréclar lex dvénements Afin d'étudier le comportement des pliotes au
cours de ce type de vols, une recherche sur le terrain a été entreprise. Elle a pour objectif d'ldentifier les phases
d'hypovigilance et d'évaluer leurs répercussions sur la performance des pilotes et leur conscience des événements,
La méthode repore sur ['utilisation de techniques ambulatoires rormmlm de recueilllr I'EEG, I'BOG, la fréquunce
cardlaque et l'activité motrice des pliotes ay cours du vol, simultanément & une obiervition de la thche. Les
pramists résultats de la phase préliminaire portunt wur huit vols long-courriers sont présantés,

INTRODUCTION

L'évolution des poster da pllotage se tradult par une sutomatisation de plus en plus poussée des thches de
pliotage et de la gestion du vol. Catte sutomatisation, par les modilications qu'elle apporte dans le contenu des
activités des dlfférents membres de 'dquipage contribue & diminuer |n charge de travail pendant les phases [es
plus critiques du décollage, do 'approche et de itatterrissage, ou encore (ors d'incidents, voite de pannes, Dam le
cas de vols long-courriets, cette automatisation va par contre exagérer la monotonie du vol de croisibre, Dans lo
méme tempe, cette évolution entrafne une moditication dana la répartition des r8lec entre le pilote et l'avion, le
pllote étant souvent réduit & un r8le de wurveillance,

La monotonie qui résulte de ces dvolutions technulo‘;lqun engendre dans un grand nombre de cas des baisses
du niveau de vigilance, Cacl n'est pas spécitique A 'adronautique et a pu dtre montrd par plunieurs auteurs
notamment duna lv domaine ferroviaire, que ce solt aur le terrain (1,2) ou dans des études de laboratolres utllisant
une tiche de condulte umplitide (3), Cas fluctuntions du nivesu d'dvell sont umplifides, dans le cas de pilotes de
vols long-courriers; par des ?orturbnlom des rythmes circadlens lides & |a fols aux décalages horaires et au travall
i horaires siternants (4,3,8,7), Les dtudes mendes sur le terrain utllisent dea techniques de 1vonitoring ambulatolre
afin de recuelllir des paramétres physiologlques, Ces études ont permis notamment de mettre en évidence les
perturbations du cycle veille-sommeil conn#cutives sux vols transméridiens et leurs répercumiona sur la vigliance
pendant lus différentes phases de vol. Cependant ces #tudes demeurent Limitées dans len conclusions et les
lrpllcnlom qu'slles permettent de tirer. |l semble important de les compléter en effectuant une observation de la
tache plus élaborde atin d'identifier de manldre prdclse les tdches susceptibles d'ttre aflectdes pur des balyses de
Vlllllllﬂ? ot v.i(u” concevolr dus mayens de réactivation, en optimisant par exemple la gestion des cycles
activitesrepos (8)

Les buissen du niveau de vigliance ont des répercusslons directes sur la performance du pilote, Elles
aftsctent & la {ols son attention, mals dgalement sa conscience de Ja situation et des événements qui se déroulent
au cours du vol, Ce phénomine dhypovigiiance, 1ié & la diminution dea solllcitations sensorielles et de la charge
de travall duJollon peut altdrer la qualltd de ia réponse du ou des pllotes, notamment lors de altuatlons critiques.
Dans le but didvaluar la varlabilité du niveau d'évell des pllotes et d'etudlier des pomsibilités de rdactivation ou
d'amistance en vol, une recherche aur le terrain a dié entroprise.

La méthode et les pramiera résultats de la phase préiiminaira de cetie recherche nont présentds, Au cours
de cette phase, deux objuctifs étaient poursulvie i
- mettre au point une méthode d'étude utilisant almultanément le monitoring physiclogique et |'observation de la
tiche at de ['ehvirennerrent du pliote,
- rechercher los conditions favorisant 'hypovigilance, c'est-d-dire essentiellement la monotonie 2t la diminution
de la charge do travail,

METHODE

Hult vols longecourrlers ont été effectués au cours de cette phase préiiminuire. Tous cer vols ont été
réaliséy avec des dquipages compords de volontaires, Pour quatre de ces vols, on a priviléglé dex vols de nuit,
caractériads par des situations monotones aur des trajets Nord=Sud. Ces vois se sont deéroulds sur B?47 pour dea
rotations Parls-Libreville-Paris et Paris-Brageaville-Paris, Les quatre auires vols sont des vols tramsmdridiens qul
ont dté elfectués entre Paris-Winnipeg-Paris et Paris-Cayenne-Paris, respectivement sur B?47 ot DCE

Pour chkcun de ces vols, deux types de mesures ont été effectudes i

- des mesures physiologiques,

= une observation de |a tAche et de l'environnement,

Les mesures physiologlgies suivantes ont été retenues :

= l'dlectro-encdphalogramme (EEG), afin d'analyser, sprés analyse apectrale, len variations des principaux
rythmes | béta, alphs, théta et delts,

- |'dlectro-oculogramme (EOG) pour obtenir la fréquenca des mouvements cculaires,

« |o fréquence et la varlebllité cerdiague,

« {lactlvité motrice du poignet (actométrie)

i ot A e =




o e o e g o

S S

L'BEG ot la frédquence des mouvements oculaires permettent de mesursr en cuntinu des. variations du nivesu
d'éveil, Elles conatituent des moyens :lubies de déterter des périodes de somnolence, L'EEG a été recuellll & partir
d'une dérivation parléta-occipitule droite nécossitant ls pose de quaire élactrodes : une électrode occipitale, une
électrado pariétale et deux électrodes de tarre placdes au vertex. Cette dérlvation permet d'étudier plus
particulidrement la bande de fréquence alpha (8-12 Hz) dont les variations sont assex blen corrélées avec |es
fluctuations du nlveau de vigilance (1,2,3)

Pour la tréquence des mouvements oculaires, daux dlectrodes ont étd fivées 1 l'une syr une zone
électriquement inactive, la mastolde, i'autre & un centimbtra ausdessus de V'oell, A I'axcaption de cette dernlére,
tous les capteurs ont 8té collés au cotlodion qui assure une bonne flabilité aux enreglstraments de longue durés,

La frdyuence cardiaque & été enraglitrée au moyen de deux dérivations, de type CMJ (creux axillisire droit,
creux axitialre gauche), Nous nous intéreasons lci davantage & la variabilitd cardinque dont les variations ont Jides
4 la charge de travall mentale,

~ Pour |a mesure de |'actomeétrie, un capteur de mouvements fixé par un bracelet sur lu poignet droit des
pllotes a été utilisé, Ce capteur comptabilise jes déplacemnents a partir d'une détection d'sccelérations. Ce
paramdtre permet de suives sur des enreglstrements de longues durdes |e ddroulement des cycla activité-repon,

Ces mesures physialogiques ont été enregistrdes sur deux centrales d'acquinition minltaturlsées difidrentes,

fournissant deux types de troltements ! . . -

« I'BEQC, la fréquence des mouvements oculaires et la fréquence cardlaque font erregistrés sous forme analoglque
sur une bande magnétique. L'snregistreur utilisé est un MEDILOG-MDIt tixd & |y ceinture du sujet

- lo deuxiéme enregistreur est una centrale d'acquisition numdrique VITALOG PMS-8 sur lequel la frédquence
cardinque et l'actométrie sont enregistrées, Ce syatume ot ¢galsment fied & la celnture du sujeh

Lea donndes analogiques de I'EEG, de la Iréquence des mouvements oculaites 2t de la trdquence cardlague
wont numerisdes aprés relecture sur une platine OXFORD-FRY & 60 fois la vitesse d'vnieglstrement, Les loglciels
déveioppds permettent de réallver |
une snalyse spectrale de ['EEG dans la bande 0,3-30 Hx sur des périodes de 2 h 60 ancondes,

» une édition des résultats sous formus graphivies, représentant 'évolution des rythmes ulpha, béte, delts et théta
au cours du vol { cette édition peut dtre réalisée sous forme Ue puissance absolue et puissance rélative pour les
ditférentes bandes de fréquance, ou de rurpon de spectres, .

une €ditlon de |a Irdquence et de [a durde des clignements des yeux,

une analyse spectrale de Ia fréquance cardisque dans la bande 0,001-0,% Heg,

uhe ddition sous forme graphique de l'dvolution du spectre particulibrement dans les bandes 0,001-0,03 Hr,
0,050,135 Hr et 0,2-0,3 Ha

Parallélement aux mesures physiologlques. une observation de la tAche ot de I'environnement est elfectuée.
Ces ohrervations demeurent le complément indispensable du recuell des paramitres Llologlques dans la mesure ol
elies permettent d'dliminer de l'analyse, les segments pour losquels l'activité physique interfere avec lu thche,
mals surtout de caractériser l'environnement du pilote, so. éta =t la tdche dame laquelle ' est engogd, Cette
observation est réaliste & |'alde d'une grille de codage mise au point lore d'études anté:ieures (3) ot adaptde aux
besolns particuliers de cette recharche (figirv n® I} L'environnement du pliote est défini par l'environnement
opérationnel 1 zone de contrdle radar, virvatliance radar, espace [ibre, alnsi que par (m conditions nidtéorologis
ques,

1 1 3 409 CM1, CM2, CM3 10 1l i1 13
Phassde vol  Castion Vol Piloie Ewl Tichs Communicadon  Eavi.Oper, Mo Rvbneman
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Auire Autre % Auts 3 Rm. P Aue

Grille de codage des phases de vol et des thches de pilotage long-courrier,
Etat actunl du codage 1 « de l'activité des difféients membres de |'4quipage,
- des conditions du vol et de l'thvironnement.

Cette grille permet de coder les phuses de vol, les procécures engagdes, des événements unormaux
dventuels, alnsl que Ia répartition des tAches entre le commandant de bord, le copliote et le mécanicien. Cos codes
sont donnés pour l'ensemble de [‘dquipage, le type de cummunication cn*n de et drnlom-nt Identillé pour
'ensemble de l'équipags. Cect élimine les commuiticutions indlviduelies ot cohdult i priviidgier ia cuminunicution
sctuelle la plus importante, L'état du sujet (vellle, repos ou autre) et la thche aont par contre identifids pour
chaque membre d'dquipage.

PREMIERS RESULTATS

- Observation de l'activité de I'équipage -

Une premiére analyse des réauitats met on évidence une grande diversitd des observatinn eilectuées due b
plusieurs variables

= vol d¢ nuit ou de jour,

- activitd antérieure du pliote {repos, décalage horaire, rotations nocturnes),
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- Is réglon survolde (zone atiantinue & falble trafic adrien, zone terrestre & trafic aérien falble ou
{mportant),

Cependant, certalnes tendances peuvent étre dégagées |
- la premidre concerne 'analyse des communications qui montre qu'il existe d'importantes modifications dans la
nature et dans la durée des communications selon la phase de vol dany laqueile le pilote est engagé Le silence
tend & mugmenter su cours du vol et devient prédpondérant lors des phases de croisiére (figure n® 2). Pur allleurs,
Les cen;m:nlcuiom entre len membtes de I'dquipage semblent dtre plus Importantes fors de vols de jour que lors
e: vols de nult,
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- |a seconde tendance qul peut dtre déauféc concerne lew pérlodes de repos yeux otverts ou yeux fermeés qui sont
plus hombrewsss lors des phases de val de croisibre. Parallélement, on vait uae diminhution amez nette de la
veille lors de ces phases, puls une uugmentation lors dey phases d'approche et de descente (figuee nt 3)

- Paramitres physlologiques -

Afin de détarminer les variations au cours du temps de l'actométrie et de la [réguence cardiaque, (ex valeurs
sont repréientées sous forme d'histogramrnes, Les valeurs sont regroupéea par clanse |
- fréquence cardiaquy ¢

» antre {70 et 200 battements par minute t classen de |0 battements,

+ antre 30 et 183 battements par minute | clases de 3 battementy,

- detométrle ¢

v entre 100 et 200 Impulsions par minute « ¢iasses de 30 impulsions,

+ entre 30. et 100 Impulsions par minute t clames de 23 impulsiony,

+ entre 10 ot 30 Impulslons par minute 1 classes de 3 Impulsions,

+ antre O ot |0 Impulslons par minute 1+ clasnes de 2 Impuisions.

A l'examen des tracés, on peut constater gue les cycles activités-repos sont aivémant Identifiables sur la
restitution des enreglstrements d'actomitrie, les périodes de repos étant carsctérisies par une baisse trds nette,
vulre une disparition compléte des mouvements du polgnet pendant le sonuneli (figure n® ), I est pussible de
cette manlere d'objectiver dew privations pattiailes de sommeil, dont on salt par aliteurs qu'vlies peuvent Induire
des somnolences diurnes en sltuation monotone, Lea oacliiations Je la fréquence cardiague moyenne sont obaervées
an Haison avec dos pnases d'activité physique, du pllatage propreinent dit, alnel que pour jes fluctustions & long
terme dues aux rythmes circadiens. Cotte ¥iude den fluctuations clreadiennes vers complétde, pour lu sulte ues
vols, par un recucll en continu de la températury zorporelle

« Analyse npecirsle des activitds BEC et BOG -

Le caleul dey speciren de puissance de ['EEC & été rdallsé pour des shquences de 30 secondes ce qui petmet
de détecter dex périodes d'hﬂ:ovlalluncu de courtes -durdes, Les figures n® 3 et : montrant reapectivemant un
spectre de pulssance EEG au debut c'un vol Nord-Sud de nuit et un spectre anregistré sur le méme sujet | heure 30
aptés e décollage. Ou note une augiaentation importante de [a puissance dany la bende de trdgquence alphe entre
ces deux périodes Cette augmentation de la pulssance ulpha e retrouve par pétiodes tout au long du vol comme
le montee 'dvolution des spectres au cours d'un val de nult (figure n® 7) Les mémes phénoménes aoht cohstetén
lors d'un vol transméridlen de jour, ce vol dtant consdeutif & un repow fors d'une escale durant legquel le pilote a
subl une privation partielle de sommell objectivéd par P'encegistrement d'actométria (figure n® §). On peut toter
d'importantes inodifications dars |a bande de frdquonce alpha aprds quatre heures de vol.
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Figure n®)
Spectre de puissance de llactivit€ 3:04 pour une séquence de 30 secondes.
Extrait d'un enregistrement effectuc sur le copllote d'un équipage au début d'un vol de nuit
{13 minutes aprés le décotlage).
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Figure n® R
Specire de puissance de I'EEG pour le méme pilote et le m&me vol de nuit, aprés | heure et 30 minutes de vol.
On notera Vaugmentation de puissance dans la bande alpha.

!'a alyse par bande de [riquence mon‘te égaiement pour un autre vol Nord-Sud, une augmentatior de ls
puissance des rythmes delta, th8ta et béta 2 heures 30 aprés le début du vol pour le copilote (figure n® 9) et pour
le mécanicien {figure n* 10), Cette augmentation de la pulssance totale du spectre peut &tre inteiprétée comme
une baisse de la vigilance, Il est donc intéressant de constater que cette hypovigilance intervient au méme
moment, pour deux membres de ['dquipage. Les tracés du commandant de bord, pour ce vol, ne peuvent étre
présentés en ralson do problémes techniques apparus lors de I'encegistrement (importants parasites liés a une
électrode en pertie décoliée & la suite d'un choc de [a téte de ce pilote contre la parci supdrieure de lu cabine).

Une baisse de ls fricuence des clignements oculaires est également constatee parallblement & des
modificatiors de i'activité EEG, notamment lors d'augmentations du rapport alpha-delta et alpha-théta.

En résumné, oin peut formuier les remarques suivantes o
- i recuell des activités EEG et EOG peut s'elfrctuer de maniere acceptabie duns des conditions réelles de voli,
- des {luctuations de I'sctivité CEG peuvvent étre mises en évidenze sur les rpectres de pulssance principalement
pour ley bandes alpha et delts,
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Elgure n* ?
Variation du spectre EEG (bande o-ls Hz) sur un vol de longue durée de nuit,

TEMPS
(h)

Figure n* 3
Varietion du spectre EEG pour un vol de Jour, apres une privation partlelle de sonmeil lors de ['escale.
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les augmentations trés nettes des rapports alpha-théte et alpha-delts, qul traduisent les modifications de
'activation du pllote, se cetrouvent préférentiellement duns les vols de nuit et dans les vols de jour consécutifs &
une privation partlelle de sommeil,

ces pliases pour lesquelley [u baisse de vigllance est la plus marquée, ont été identifides principalement pour des
séquencea d'activité de survelllance au cours des phaws da croisidres

CONCLUSIONS

Cette phase préliminaire a permis daborder essentlellement les problémes de méthodes liés aux
entegistrements physlologlques cffectués wn ambulatolre 8u cours de vols de longues durées, Cependant, une
premiere analyse montre qu'll existe d'importantes varlations dans les spectres d'EBG quantifié et dans lu
fraquence des mouvements oculaires, Des alternances de phases durant lesquelles les pilotes fr‘ununt une
vigllance élevde avec des phases de somnolence ont été observées pour chaque membre de ['équipage, Les
rivations de sommeil au cours des escales ont dea répercussions sur le comportement des pilotes, En particulier la
niste de vigllance paratt plus prononcée pour les vols qul suivent une nult avec privation de sommell, méme si ce
vol est effectué durant la journée,

La seconde étape de cette recherche, qui se déroule actiiellement, porte sur 30 vols long-courrlers, L'analyse
des données sera centrde sur |'identification des phases d'hypovigilance, a répétitivité de ces phases, leur
interaction avec les thches et les activités des pilotes, alnsi que sur ['effet cumulé de la monotonle, di "jet-Lag" et
de la privation de sommell,

Les résultats attendus devralent rermettre d'établir des recommandations relatives aux horalres et &
'organisation du travail des équipages. Par exemple, des périodes de sommell de courte durée avec une périodicité
eté une durée & définir poutraient &tre proposées dens le but de mulntenir ['efficience de chaque membre de
I'équipage.
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Performance capacity under hypoxia conditions was determined in 48 mubjecta axpomed to & simulated
altitude of 28,000 feet (7,820 mte.), The mathod was & modified Toulouse-Pisron Test (TTM) and a Digit
Span Teat (DET), completsd at 3 sonditions: Ground Level (OL), FL 280 and Placebo (PL)., Maximum hypoxia
time waw 4 minutes and it was messured svery 30 mec., We obtain the Direct Partial Beore (DPE) 8 times
through the 4 min., and the Direct Total Score (DT8) by the Tolouss application formula, Hignificent
decrements in test performance wers found by comparing GL - FL 280 and PL 250 - PL in pairs at ,001
confidenue level after point 90 ssc. time for DPS, We got similar results for DTS, Fer DB, the
comparativs analyeis of the average values wers also aignificant. The applioation of the TTN {s c¢onsidered
as uaeful, wimple and profitable in the evaluation of Attention (apacity of the aviator under hypoxia
oonditions. The “Incapacitation Gurve" iw a term which expre in & quantitative and cronological way,
the psychomotor performancs, Both, the TTM ahd DT, are betwsen ssoch ecther complsmsntary tools in the
svaluation of the psychomotor pilot afficiency.

The quantitative evaluation of the intelluctual and psychomotor performance of the flyer is a
valuable data, in the deternination of the affects of hypoxia (1,2),

Although this information has been useful, the results have often bean contradictory (5,7,8),

Sennitive methods of measuring system error, using qualified pilotm in both real and sircraft
nimulators, have been developed (2,3), but very 1ittle data is available on the critioal time, refurred to
88 £yt e of Useful Funotion, an a point or decay along the progreseive performance deteriocration, which
refle ts the pilot's intellectual estimation under hypoxia conditions.

O'Connor (@) described the Parformsnce Rate as the ratio of task units completed in a unit time under
hypoxic conditions over task unit time completed per unit time under non=hypoxic conditions, The result,
an index value, {s & metrio, whioh would parmit comparisons of different tasks sensitive to hypoxic
oonditions,

The resction capacity sgainst any imposed task, is a complex of factors, whish {nsluded ressoning,
psychomotor and a visual factor. The reasoning factor aims to distover rules or principles in order to
arrive at a solution, To help such a factor perceptusl and psychomotor supportis necessary.

The aviator must be slert thoughout the flight, in ordsr to prevent any contingenoy, escident or
inoident, He should recognisa any etimuli from the murrounding spmce in order to msks, control snd direst
& movement (final integration of an elaborated anawer), accurding to the corresponding amtimuli, More
recently Israsli and al. (4) in a new approach to the TUC evalumticn at 25,000 feet, atudied the loss of
minimal attentive cupabilities, manifested by the inability to add two-digit numbers correctly.

The Toulouse=Pieron Test (TIM) measured the sustained sttentiuvn fatigue remintance, psychomocon
factors and perwonslity. Fatigue resistance is defined am the oapacity to perform repstitive and
routine task with an mcoeptable output,

It is & useful test in order to evaluats vognitive and paychomstor aspects in & variety of tasks
whish, demand.y constant attention and fatigue resistance,

The tast is samy to varry out and free of any external inclusnge..,ft,has.ap. dmpquuln l-lliurltion
boint in topologioal fastora, aotive perception and static visual facbaERE; | .. -t .- it -

The Digit Bpan Temt messures the Attention Oapamcity end Distraction Resistance of the subject. The
task iw intellsctual and it doem not offer any emotional Link. The temt could be-en indicator of the pilot
sbility or intellestual skill under hypoxis condition.

Thie paper reports our experisnce, in a two complementary test whioh allow mimple and objective
evaluation of the "Performance Capacity" of the aviator under hypoxic conditions,

A stoandard sltitude chamber (RTC APTF 1UM) was uwed, the camber can mccomodate 10 trainees in the
main compartment and two in the R/D compartment plus 2 + 1 instructor, An Onigen mystem is supplied to
edch individuul throughout an Owigen sutomatic pressure-demand regulator. Fourtyesight healthy airorew
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members were chosen with an average age of 23,73 + 3,63, weight 72,21 Kg + 8.02 and a height of 175,67 cm
+ 7,06, The mtudy was carried out at n simuluted altitude of 26,000 ft. (7,620 mta,), This altitude was
chosen taking Lnto account the pressuricetion profile of most of the fighters ({22,000-25,000 ft,), and the
minimum altitude in which Decompression Sicknsss starts to be aigniflcant.

The study was carried out under threa different conditions:
1) At Ground Level (altitude = 802 mts,) {GL).
2) At 25,000 ft, (7,620 mte.) (simulated altituds in a decomprassion chambar)., (FL 250).

3) Placebs or Control Flight (PL) at 7,820 mte. (Fl 230, not reml), the real simulated sltitude reached
wue 1,800 mte. The tims and procsdurss of this flight were similsr to the FL 2% profile.

Ths Placebo flight sstablished which emotionsl and mtress factors ars linked to the experimental
mituation, Thems Factors could ba svaluated separately from the stresa factors strictly asscclated with
the FL 250 flight.

A denitrogenation period of 30 min, follewed sn ear and sinum ochesk at 5,000 £t (1,524 mts,). Ascent
and demoen® retes were 4,800 ft/min. Oxigen masks were removed and the Oxigen supply switched off before
starting both teste in conditions FL 280 and Placebo, The evaluation was made by the applicetion of the
Toulouse=Pieron Teat modified for this purpose, and, in a twou-minute interval, the Digit Span Tast.

Ths Toulouse~Pisron modifind tast is ons page form that includes blockm of 400 figures in pairs, ons
par for each condition. The task consisted in looating and marking among the elements of each line, ths
jures equal to the pattern, Each line has 10 figures to mark, and their distribution ls randomized, Ths
task should be done in thas shortest time pomsible,

We have considered the total number of lines completed st a time limit of four minutes and also the
proportional lines completed svery 30 seconds.

Scoren are obtained, taking into conmideration the proportional periods marked by the traines every
30 seconds, oalled direct Partial Score (DPS) and the total number of lines completed in 4 minutems, called
Direct Total Scors (DT8).

To get the Scores we used the Toulouma-Pieron Formulat

DPY = Posuible succeses scores - (errors + 2x omiamions) every 30 weo.
DTE = Poseible succemes szores = (errors + 2x omissionm} in 4 min,

The Digit Bpan Test includes three blocks of numbers, one for each condition and divided in two
parts. The first one consists of repeating meries of numbars, announced by the inmtruotor. The second one
is {n an invers order., The tast mtarted with a serial of three digit numbers, the nu-bar of digits is
ino d in each number line, until & maximum of nine, The test is finished when the trainee fails twice,
The second part proceeds in the same way until a maximum of sight.

We ocbtain two tipes of final scoremt
1) Dirmat Boore t X + X'
2) Tipical Seore | Direct application of a Table.

Btatiutics wers made by the BPBS PC, We studied the intrasubject varimnss anslyis, oconsidering the
condition Altitude and Time. We made the comparative analysis of the mean mcores in emch conditinn, and
the comparative analysis of the mean partisl scores in successive pairs,

REBULTSE
TOULOUSE~PIERON NODIFIED TEBT:

We have seen how Tims and Altitude have & global efect on each subjuct and im significant in relation
:o :;\; Altitude (,001 Confidence Lavel), to the Time (.0U1) and also to the Altitude-Time relationmhip
«001).

The ocompurative snalysinv of averages at each condition wmhows a wsignificant decrement (n test
performanes &y somparing in pairs, Oround Level and FL 280, at ,COL confidence level after paint 90 ses,
for Dirscts Pertiel Soutws. @ feund significant differences by comparing in pairs QL and PL, only at the
begining of the test, fur BPS (Bee Pigurs 1 and 2).

For DTS we found mimllar results in QL-FL250 snd FLRBO-PL at ,001 confldence level, and the condition
FLRSO pregented the lowsst result. The compurative analysis of the average values in pairs of sucoesive
socren In omoh condlition will make it possible to identify the evolutionary course of the DPE throughout
the time. 1t memns that we can ubmerve the point at whivh u significant change occurs in the score
pattern,

Figure 3 shows the avolution of the scores in each condition. We sas how at FL 280 there wan
constant decreass of the wverage values in relation to ths time, after point €0 mec,

We obmarved how at UL moores mt 30 sec, and HU weo., thay are lower than the following ones,
Something similar it heppens at FL250 and Placsbo, At the end of the Placebo condition we found a
uignificent noors decrasss,
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DIGIT SPAN TEST:

The comparative snalysis of the mean average values in relation to the three conditions studied were
significant for Direct Scores (Ses Figure 4).

- QL-FL250 t minor than .001
= GL-Placebo t  minor than .01
= FL2BO«Placedo : minor than .00

The Typieal Scores show statistical differsnces, and results are much mors similar to Direct Scores.

= QL-FLASO 1 minor than .01
= O0L-Placebe t  minor than .08
-~ FL@80~Placebs 1 minor than ,001

DISCUSAION

The analysia of tha time factor under the GL ocondition, mhows a high confidence level. It {8
necessary to ume the svolution of the scorss through the whole Toulouse=Pieron test, in order to evalusts
the real significance uf such results, There is no differences after 90sec, time. We mhould attribute this
to the normal learning effect st the beginning of the test,

The evolution of the time factor under condition FL280 shows lower sucessive suorss, this is more
manifested after 180 aec. It c¢ould bs maid, thinm evolution describes what we could call the
‘Incapacitation Ourve."

O'Conner (8) found similar results but the method he employed is much more wlaborated and performed
by one trainese,

Israeli et al {4) demaribed the lows of minimsl attentive capabilitiesm by adding pairs of two digit
numbers at random. They also found a drep of probability after 180 ssa. and it in very evident at 240 sec,

We have conmidured a time limiting fmotor of 4 min, which means a drop of 40N in the score
ovaluation, in relation to OL and PL., determining factor to mwaume that performance capabilitiem are
impaired,

The snalynis of the Placebo condition shows & similar Pattern to QL conditions, but scores at 210 and
240 mec. ars lower then we found after a period of 90 mee. It could be dus to dimtraction and fatigue
fastors, samething we should take into conmideration after a prolonged time inaide the Altitude Chamber.

The lack of globml wtatistical signifinant difference between the OL and PL pattern wexclude any
paychological or strasa factors linkad to the sxperimentsl situation.

In relation to the Digit Span Test we cbsarve that its evaluation is exclusively linked to the final
ocore, There is no time 1imit, but the test wam finished in lwws than three minutes, We found eignificant
differsnces in the vomparative analymis of esach condition, The fact of the "nul hypothemis" dces not oeuur
in the comparison of OL-Placebo, which mesnm an emotional and probably fatigus factor at the end of the
tent.

According to Zimmerman (8) this test im a good indicetor of the audio~verbal attantion capacity and
skill to facs a mimple task,

We understand that the modified 'foulouss-Plaron test and Digit Bpan test is a useful simple and
complamentary tool in the evaluation of the 'Attention Capacity'! of the aviator under hypoxia conditions
and memsurem in m quantitutive, global ans cronological way the psychomutor pilotm effictency.
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EFFECTS OF SHORT-TERM WIIGHTgIIlNlBE ON ROLL CIRCULARVECTION

Y
D.G.D. Watt and J.P. Landolt
McGill University, Montreal, Quebec, Canada H)G 1Y6
and
Defence and Civil Institute of Environmenta) Medicine,
Toronto, Ontario, Canada 3M 3B9

BUMMARY

Roll oircularvection is an illusion of self-rotation about the fore-sft axis experi-
enced whan a mtationary subject ils exposed to a visual field rotating in the frontal
plane. In thefe experiments, lubiceel have baen asked to estimate the strength of this
phenomenon while undergoing visual stimulation in the upright and supine positions, and
during parabolic aircoraft flight. The results indicate that the st ..ady roll componant
of vection is not affected by the magnitude or direction of the gravity vector. The
unpradictable and suddan loas of this cempelling illusion could acontribute to sarious
aplsodes of pilot disorientation.

INTRODUCTION

The work desaribed in this paper was oconducted in support of an experiment to be
oarried out during ths first International Microgravity Laboratory mission on 8huttle,
That experiment will msasure the relative contributions of vision and vastibular sensory
information to spatial orientation, and how these contributions change during prolonged
waightleasness. The present artiocls will not deal with the nuurcphylioloqg of mspace
flight, but will desoribe the ghonom-non being measured (circularvection about the roll
axis), our studies of it, and how it could contribute to spatial disorientation in pilots.

Ciroularvection is a compalling vestibulaz=1ike sensation of self-rotation experi-
enced when a stationary subject ia -xgonvd to a rotating visual environment (1,3), Roll
circularvection is experienced when ths visual field rotates in the frontal plane. T{pi-
cally, if the subject is upright, a ﬁlrndaxiunl iilusion of steady roll rotation combined
with statie roll tilt results, 1f the subject is supine, and the f£ield rotates about the
gravity veotor, only rotation is perceived and no tilt.

As a purely subjective phenomenon, roll ciroularvection has bmen diffioult to quan=
tity, oven under labcrntorg conditions. In more operational environments, thoss data
which have been collected have tended to be quite variasble, foreing the use of measures
such as latency of onset, which may or may not correlate with strength of vection (8,7),

We have attempted to develop more reproducible methods of measuring veotion for the
IEIOC experiments. I[n the process, wo ware surprised to find that vection was most easily
obtained and quantified when the rotating stimulus did not occupy all of the subjeot's
peripheral visual field (4), and that the steady roll componsit did not appear to be af-
fected by the magnitude or direction of the gravity vector.

METHODSB

The experiments were conducted in 2 stages, Initially, ciroularvection was muasuted
in 20 subjects who ware tested in the upright and mupine positions. The same experimaent
was then carried out on 3 subjects (one of whom had boen in the firat group), comparing
the response obtained during parabolic flight to that measured in the upright powsition
while the alruraft was stationary on the ground,

FIGURE 1, Subgcct restrainad in ssat
with the visual stimulator and box with
circularvection-indicating eorank in
position,
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burino all experiments, the subject wau tightly rostrained in a special seat by

means of a 4-point harness and head straps (Fig, 1), The fewt wore also secured to the
seat base for tests in the supine pomition. A domes~shaped visual mtimulator was pomi-
tioned with ita rim 75 nm ahead of the subject's cornea, mso that it oocupled about 140°
of his visual tield, "This provided the mubject with a limited *.ew of the nutside world
beyond the rim. The inner surface of the dome was constructad of white fabriv printed
with many randomly=-placed colourad dots {19 mm diameter). fThe visual stimulue consistod
of continuous rotation in either direction at 30, 45 or 60°/wec. This continued fox 40
Bec in the firmt sat of tewtm, and 18-20 wac in the second, the latter being set by the
duration of wach merc gravity parabola. Dome veloolity and direction, and subject orien-
tation, were randomised in the first experiment. This was not feasible in the airaraft,
80 & fixed sequence Of tests was repeated 3 times.

The subject was inutructed to stare at infinity (not at the muoch closer surface of
the dome), don't blink and don't move the eyea, Whon the dome was rotated, and vection
bagan, the outmide world as sesn with axtreme peripheral vision only appsared to rotate
with the subjeot in the direction opposite to the dome. In fact, any other objact fixed
in the field nf view would have behaved the wame way (1), The mubject was instructed to
rotate a ocrank attached to & 360° potentiomster, matohing the spesd of rotation of the
orank to the apparent speed of rotution of the outside world,

T6 mMsasure the response Ln the supine position, the entire apparatus and lub?cct
wure tilred backwards by 30°, While tactilr cues and the viaw of the outside world must
be different in thw two positions, at least the subjects were alwayws fully relaxed and

in the wame posture, ‘The parabollic flight experimants were carried out in the NABA KC-
135, Thia is a large, transport category airoratt which provides 40 periods of weighte
leamsness on a typical flight, each lasting up to 25 sec, Generally, 18 to 20 sec of that
time are usable for testing, The seat was bolted to the floor of the aircraft during
these mansuvers. Control experiments were gonducted under the same conditions, but with
the airaraft parked on the ground,

During the first set of experiments, dome and crank angular position were recorded
directly by computar, which also provided ocues fur beginning and ending the test stimuluw,
During the flight experiments, dome and crank position were fecorded continuously on an
FM tape recorder, and played back into the computer at a latar date., The stimulator was
turned on by the operator as svon as steady weightlessness was achieved, and turhed off
just prior to pull=-up.

REEULTS

All subjects in both swts of experiments exparisnced strong roll olrcularvection
which had a very sudden onset. However, ams reported previously (&), vection im not a
particularly stable phenomenon, h-ving a variable latency, variable strangth, and occu-
sional “drop-outs" during which it suddenly disappuars for a period of time, The lattor
could be provoked by blinking the eyes, changing the direction of yawe, or moving the
limbe or body. Distractions such as unexpsvted movement in the subjeot's peripheral
visual fiwld, or a sudden noise, had the same effect,

Figure 2 is an example of the results obtained when the subjact was upright and the
dome was rotating at 30°/gec in tha counter-oloockwlse dirwctlon. cCumulative angular
position of the dome (lower curve) and the crank (upper curve) have been plotted aw a
funotion of time., The dome completed approximately 3,2 revolutions during thims test, An
example of a drop-out i seen between 18 and 23 sev.

To begin the analyasis, up to 5 segments of % mec duration wore defined during which
vection was reasonably stable. Vection strength wam determined in sach of thowsn segments
by fitting linear regression lines to the dome and crank data and comparing the wlopas.
Baturatad (100%) vection would indicata that the crank was belng turned at the mamo rate
as the doma, If multiple estimates of percent maturution of vaction were obtained from
& single recora (am in Fig. 2), they were averaged, Latency of onset ©f vection was
determined separately using expanded and differsntiasted plots,

Pigure 1 summarises the ramults of the first set of experiments, averagsd across all

20 wubjects. 'The latency of onsot of veotion hus been plottod abova, and the percent
saturation of vection (strength of vection) below, both am a function of doms rotation
apsed. Rosults with the subjeot upriyht have been plotted on the left, and those with
the mubject in the supine position on the right. The results of clockwise and counter-
olockwise rotation have been plottud separataly, The arros bars repressnt one standard
crro; of the mean. The dashed lines have been added te facilitute comparisons Letween
graphs,

Naither the latenoy of onset of vection, nor its strength, was affected by the
direction of dome rotation, Onaet latency was also independent of stimulus angular velo-
city, Vection strength, however, appearsd to fall off at the higher rutation rated,
possibly reflecting saturation oocurring at thowo angular veiooities (3)., In nost cases,
indicated vection magnitude exceedad the stimulus angular velooity, as ipdicated by %
saturation greater that 100, This may be a systematic oversstimation by the subjects,
perhaps related to the qu-runt counter~rotation of dome and peripheral fleld. It may
also reflect the application of sire~distance socaling to rotary motion, in which caue a
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near object viawed while focusing at a distance would appear to move (rotate) more rapidly
(5). Whatever the explanation, it indicates the great strength of the illusion. vection
onset latency was both longer and more variable when the subject was supine, However, the
strength of vection was not affected by this change of subject orisntation.

The damonstration that the feeling of steady rotation was not dependent on the orien-
tation of the subject relative to the gravity vector was unexpected. However, since the
vestibular labyrinth can detect linear accelerations in any direction, perhaps the pre-
sance of gravity is more significant that ites direction, Therefore, the experiment was
repeated in a second group of subjects, comparing roll circularvection experienced on the
qround with that generated during short-term weightlessness,

Figure 4 presenta the results 0f this second set of nxg.rimontl, averaged across the
% subjects. As before, latency results have been plotted above, and vection strength be-
low, Centrol rasults have been shown on the left, and those obtained in weightlessness
on the right., The results of clockwise and ocounter-clockhwise stimulation have besn com-
bined here, since the previous sxperiments demonstrated that directiun of rotation was
irrelevant. The data presented in rig. 4 do not show significant differences butween the
ltandg rotation component ol roll circularvection measured in weightlassness, and on the
ground. Within the limits of thess experiments, the phenomenon appears to be quite inde-
pendant of the linear scceleration environmant.

There were asome differences between the two groups of lnb;.utl, howavar. Figure 8
nomparss the control responses of the first group {(on the left) with those ¢f the second
group (on the right). The results of clookwise and counter-clockwiss stimulation have now
been combined for qzoug 1. While latency of onset of circularvection was identical in

the two experiments, the strength of ciroularvection was not, averaging about 35% less
whan measured in group 2. This is probably a physiological diffsrence, as the experimen-
tal equipment, procedures and methods of analysis were identical, and the one subject who
was part of both groups producaed closely similar results in both tests. While it is
difficult to identify a precise causs retrospectively, it may be important that the avexr~
?qn -g-lo! q:ogpsi was 23,6 years {(6.E., of mean 1,5) and that of group 2 was 45,6 years
8.E. of mean 3.8).

DISCUSSION AND CONCLUSIONS

Roll circularvection, as studied in these and other experiments, is a very compalling
yet very labils phenomenon, which has a very sudden onset, and an equally sudden and un-
predictable end. The drop-out of vection can be triggured by a wide varisty of internal
and external distractions. Vection tends to be strongest when some, but not too many,
fixed objects remain in the visual field (1), The steady roll component of vection is
not affected by the magnitude or direction of the gravity vector, Finally, the ability
to develop vection may decline with age,

There are some apparent contradictions, however. For example, the present experiments
have demonstrated increased latency of onset of vection while subjects were in the supine
position, wheraas thome of Young (6) have suggested the opposite, The onset of vestion
can be delayed by many factors, and our subjects were definitely less comfortable in the
supine position., In contrast, Young's subjects were lying passively on a foam mattress
while supine, but actively supporting themselves when tested in the upright position.

It is also evident that latency and strength of circularvection 4o not correlate well,
The increased vection onset latency seen in our first group of subjects when tested in the
supine tion was not accompanied by a change in vection strength. On the other hand,
while ¢t was no difference in latency when both of our groups of subjects underwent
oontrol tests, vection strength was uiznificlntly less in the sacond qrouf. It seenms
cleaw that latency, and strength, of circularvection are influenced by quite different
factors, and of the two measures, vection strength may be the more revealing.

How do these findings relate to the flight environment? Consider the situation of a
ilot spinning & high-performance aircraft, in a stesp nose-down position, At smome point
e begins to stare at the rapidly rotating ground. He would have a variety of fixed obe

Jects in hir visual field, such as his heimet, the instrument panel, parts of his cancpy,
and so on. Within seconds, he could develop vection, and actually “see” himself and his
airoraft rotating (as well az “fesl" it in a vestibular sense). This would happen regard=
less of aircraft attitude, and since he would probably Le relatively young, the vection
would be particularly strong. Eventually, he would generate a control movement to initi-
ate recovery, or shift his gase to his instruments, thus inadvertently producing a dis-
traction. This could suddenly stop the vection, and the aircraft would be “ssen” and
felt" to stop rotating, These powerful (but false) sensations could lead the pilot to
believe that the spin has ended, and he can return to straight and lavel flight, If the
airoraft is low, continuing to descend rapidly, and the pilot's control inputs ars now
aggravating ths continuing apin, a ssrious accident becomes a very real possibility.
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MAINTATNING SPAYIAL ORIBNTATION AVARRNESS

LCDR A, Rupert, CAPT A, Mateouun, & Dr. F. R, Quedry, Jr.
Naval Aerospace Medioal Research Laboratory

Naval Al Station, FPensacola, Floride U.8.A, 32508.3700

Ve believe that training parndigus to vividly demonatrate to pilota the need and the way to maintain
spatial orientasion awarwness during formation flight will reduce the inoidence of thesa very ocetly
nishaps. Several training parsdigmd are under development using the Dynssinm, a cookpit mounted on a
shortearm centrifuge. The pilot controls both piteh and roll axes of the Dynasia oookpit to maintain the
posustion on a ™ing airoraft” projected onto a visual surround. Pilot's attention 1s interaittently
distracted from the lead alroraft and from attitude display(e) by simultanecus parformance of other
cookplt tawks. The orientation axperienced by pilots is oontrolled by varying information in the visual
surround and in the onboard inatruments (inoluding & Maloolm Horison) and by controlling the direstion of
the gravitoinertial field of the short-ara centrifuge.

A second atage of our research will investigate new oconoepts in displays to {sprove pilot orientation
awareness: The inevitadle distraction of visual attention, whioh acocompaniss esergency situations,
engendara oonsideration of peripheral vision and nonvisual channels to convay airoraft attitude and target
inforuation and maintain spatial orientation swareness.

INTRODOCTION

Vhen man first entered bhe asronautical eavironment, he enoountersd the challenge of Yoloud flying"
frequently emerging iaverted, often wish disastrous results. With Spirry's introduoticn of the gyro=-
stabilized artifioinl hordzon, it was belisved that piloi s trained in instrument or "blind"® flying would be
immune to alroraft attitude disorientation. The aishaps oontinued deaspite efforts by human factoer
engineers to redeaign instrument configurstion and displays bhat permitted the pilot to visually interpret
airoraft orientation vith improved moourscy and rapidity, and despite development of regimented training
ayliabi including the uase of Link tralners. The orientation information prooessing demands placsd on the
pilot by the fntroduction of faster more agile airoraft inoluding asrcbatic heliocopters, and ever more
demanding nission requirements inoluding nap of the earth, night and alleweather environments will only
inorease the likelihood of orientation error mishaps.

Numerous surveys (1-3) spanning the past 30 years and all branches of the United States Armed Foraes
indioate U=10% of Class A mishaps {500,000 doliare damage or 10es of life) and 10 o 208 of fatal mishaps
vere a direst result of inadequate spatial awareness.

Based on a reviev of disorientation training practioes utilized in NATO gountries, a 1974 AGARD
working group made speoifio recommendations directed towards improving ground training, training in flight,
and research and development programs (4). For ground training, it was suggested a device with rotational
freedon 4n the yav axis mlone would be adequate. The panel felt that demonstrators with yaw and pitoh
capabilition would not be cost effective at that time. Shortly thereafter, the Royal Adr Foroe Insbitute
of Aviation Medioine develeped a rotational disorientation demonstrabor that was sooepted with such
anthusiasm that o second devioe was brought on-line to perait ail student pllots the opportunity to recelve
disorientation training, 'The U.8, Navy, whioh developed the 10 place Multiple Station Disorientation
Deviae (MSDD) to provide disorientation familimrization training to student pilots and Piight officers, has
now extended instruction to include all aircraw. A recurrent training sanheduls snsures must experienced
pilots are routinely reminded of tha hamards of disorisntation.

Although both devices are excsllent demonstrators oapabls of genersting a variety of scompelling
spatial orientation illusions, they do not demonstrate to the pilot his degradation in performance or
reduced ability to maintain aontrol of an airoraft during situstions in which spatisl disorientation ia
oxparisnced. Disorientation trainers with the pilot direotly inserted into the control loop peralt the
pilot to experience the oorrelation Between his flight inputs and the ssnsory feedback from motion and
visual cues, in addition to the possidllity of developing strategies to gope with airoraft control under
the adverse conditions of spatial disorientation.

In the past, sensory motor research was not only split (nto sensory and motor divisions, but even the
individual sensory systems vere sxamined separately without gonoern for intersoticns Hanmm-Lukess Teuber (5)
indisated tha fallacy of such dissection when he se aptly exprassad, " . . . , OQur brain nesds to proceas
the sensory input and extrect its relevent features, but it also must compensate aontinuously for its own
motar output and take the antioipated consequences of its own fubture actions into acoount. The unity and
stability of our pergeptions might therefore be mare undsrstandabie if we were to trecs the inforastion
flow in the centra) hervous system not only in traditional fashion, from sensory to motor regions, dut in
the reveress direction as well, so that intended and potential movements are seen to enter into the
Ntruoture of our perdepsions.® Our percepbions of motion and hence epatial orientation are strongly

(reafference) when we initiste motor programs to oontrol mobion. ‘The motive oontrol of cur positioning in
pace through direot machine fesdbaok may thus produce & markediy different peraeption than that
axparionced by & passive obaepver recelving the identical physiosl stimulus. For thess reasons and also in
pursuit of atrategles and Sechniques Lo overcome disorientation, we favor developsent of maneinstheeloop
disorientation trainers to supplement current training regimes.

influenced by tha "fesd forward® avareness of permitted degrees of fresdom of mwotion and expagtationa i
}
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The opinion of many pilote and enginesrs involved in the development and scceptance of treining
devides that the raplicaticn of as many aspects of motion and trealisa as possible will lead to more
eftioient training has led to the produotion of motion<based trainers possesaing roll, pitch, and yaw
snot-oontrouod motions {n addition te planetary motion to produce mild sdoelerative forces up to 2.5 0.

eapite the added realism, such devioes have not yat bean proven to offer more effective training
Manufaoturers auggest (6,7) that trainers respondiing to pilot input will produce quantitative ohange in
airorew behavior postulating that mimulator performancs wWill improve with repested exposure to
disorientating stimull and that this learning is transferable to airoraft. In view of well-known
differsnces in feedback from motion-oontrol acotions in flight and in simulators, We hava strong
reservations about the tranaferadility of behavior change if rigorous man=in=the=-loop erientation training
is instituted. We are optimistic about wnhanced teaching impact when ssasoned pilots mobively experience
loss of airopaft contrel, ascompanied by training on strategies to maintain oontrol. Thus, we are sanguine
about the development and glose exanination of oloseds=loop motion platforus.

e United Statas Air Poroe has axpredeed an interest in obtaining ssveral of these nev gensration
spatial orientation trainers to aminimize dimorientation mishaps through education and training. The United
States Navy 1s oonsidering a multi=axis training centrifuge for dual utility in G-toleranos and spatisl
orientation tralning In eithar situsbion, because it appears that the multiaxis trainers with limited ¢
oapability will soon be in our inventory, there ls a requisita for training parsdigms to mateh the expanded
capabilicies of these deviges.

Tho new goneration spatial orientation tralners have design limitations that are constantly being
improved ur upgraded, Unlimitsd poll, piteh, and yaw ampabilities require gimbals, which in tum
neaessitate visual displays within the capsule in lieu of s gimbal-clutterad 36C° visusl surround systes.
The slectronio visual displays are presently restrioted to a 120° horisontal field of view with the
antiolpation of an expanded field of view in the near future. Hulmetemounted displays msy eventually
permit the full surround design desired for sisulation of alr noabat mansuvering. At prelent, paradigan
have ;‘“1‘“" developed that peruit large sxoursion of head movementa due to limitations of avalladle
visual displays.

The AGARD working group recosaendations (#) for in=flight training inoluded *pilot recovery from unusual
attitudes in the pressnom of disorientation and sther stresses.” A further recommendation was to increase
the realisn of airborns instrument training by inoluding external visuml-search tasks. It is now possible
to inolude these riight training recommendations {nto the new generation ground-based simulators under
highly controlled reproducidle aconditions of vision, motion, and workload stress -~ albeit oross-coupled
(angular Corlolis) effects rumain an unwanted intrusion.

Progeduras snd Initial Observations

Our ressarch approash ia essentially a two-stage program. First, we will develop ssveral man-in=the=
loop scenarios for spatial orientation training dealing with disorientation flight conditions we believe to
be most frequently encountersd and/or mont dangerous. Second, we will use the man=in-the=loop scanarios
developed in stage one to evaluate the effectiveness of new infurmation ahannela in maintaining veridioal
apatial orientation awarensss.

The facllity designated as Dynasim was developed to augwent existing NAMRL faollities for ressarch on
spatial avareness, Dynasin (8) consists of thres main componentat a motion system, a visual surround for
presentation of sarth-fixed or moving targets, and a computer system., The motion systeam is a short-ara
centrifuge that provides yaw-axis rotation of an off=ogenter sookpit housed in an airoraft-like fuselage
that 1s oapable of motion about its own pitoh and roll axes. The computer system provides oapability for
presenting a varlety of visusl displays on two ssopes (Cuthrode Ray Tubes) in the aookpit instrument panel,
Currently available Bocps displays include an Attitude Direction Indicator (ADI) and Pive tests of
cognitive perforsance. A funoticnal Maloslu Horimon oan alno be displayed soraus the face of the panel.
The main axis of the rotary device L centered in a 50sft diameter white visusl surround for presentation
of patterns and targets external to the gookpit. The overhead proJjector set displays earth-fixed soenes
snd patterns on the visual surround. An “on bosrd" projector set oan projeot targets at different angular
displacements relstive 8o the subjeot in the cookpit. Motion oharateristios about pitoh and roll axes and
changes in visual displays (seokpit and external target) are under computer control. In ths gookpit, the
"wilot" ean fly by instruments and sounteract sompubar control of the sotion device, The computar provides
isnediate assessaent of "man-in=the=loop* performancs.

The two soenarios selected for developaent on Dynasim were formation flight and the "leans." The most
frequently reported form of spatisl disorientation (9) is the "leans.” PFormation flying, which has for the
past & years acnounted for the wost Class=A pilot Paotor mishaps in the United States Mavy (10), is the
best maneuver to exasine spatial awareness beoause it involves a higheintensity pilot workload with
attention aplit betwesn alroraft, oookpit, objects in apsce, and tha Barth.

Two sosnarios for demonstration of the leans are being compured to ascertain their relative
sftaotiveness. In the first, a Dynasis pilot is placed in tangential forward<faolng sonfiguration at
oonstant angular velooity with the wings level, The pillot perceives a roll to outside of turn and is given
the oontrols and attituds indioator to be wade aware of the leans and to correct his attitude by
instrunenta: He {s then given visunl reference, vwhioch facilitates correctien of attitude error and reduces
the leans. In the gltemate leans demonstration, the pilot at oonstant angular velooity is appropriately
banked suah that his Bsaxis is aligned with the resultant of the gravito-inertial force (i.e,, perceptuslly
straight and level). When given the controls and gookpit inatruments, the pilot must then conoentrate on
overconing not only the disorientabion wssoolated with the *"lemnc® bub also that produced by rolling te
pright® in a plane perpendisular to the plane of potation. During osrrective aations, the visual
surround is presented to reduae the leans and facilivate overriding the leans.

Mot e e T & e <a u

Formation flying as a wingman Ls s skill that demands auch ocomplete attenbion of the pilat to his lead
alroraft that 1ittle o no tise oan be devoted to monitering his own Linstruwents, With 1ibtls oppertunity
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for instrument orosscheock, the wingman tends to assume in atesdy atete flight that the lead airoraft is
straight and level, particularly when deprived of visual reference to earth as during formation flying in
weather or at night. The formation Plying soenaric 18 accomplished by projeocting onto the 360° surround
the ving airoraft on which the Dynasis pilot tries to maistais & cuonstant relative position. In one
soeario, we commence rotation with the pilot pre-positioned in roll so that the resultant foroe aligns
with the Z-axis only after a constant velocity is attained. The pilot requires about 40 seconds to feel
straight and level, spparently reflsoting a lag effect (11).

In another more realistic scamrio, we maintain E-axis alignment throughout $he initial accelemtion
and sonstant velaaity. HNare, ve have encountered the leans, apparenily from mamory of the aotual roll
during the initiald noveleration. Ve antiolpate that this oam be aorrected by prasenting & veridioal
extornal reference. Then, by reducing chamber illumination and by projecting an aireraft image onto the
surround, she pilot soon perceivas himself and his companion oraft in level flight. Frequent but small
ohanges in piteh and roll of the pilot's cookpit generete relative sovement of the wing airoraft.
Maintaining posibion demands full attention frem $he pilet %o override ocomputer generated piteh and rolls
¥hen the projected sirorals is directly off wing of she Dynasim pilot, large gase=shifts (and large head
movenents) are necsssitated while transferring attention betwesn ocookpit and target airsraft. These
introduos a ooadination of oross-aoupled angular acoslerations and Ge-excess effeots either of which van
induoe nausea in some sudjeots.

Two optiona for reducing this unwanted disturbanoe are lowered sngular velooity and changing thé
average angular position of the companion aireraft to a aore forward -eoter, theredy reducing the aro of
gase-shifts demanded from the pilot, Reduoed angulsr veloeity reduces the magnitude of the orimmtation
error that the pilots will experience and aay reducs the impact of the training, Wa are currantly working
on an acdaeptadle compromise between offast angles and angular velooity.

In these mcenarion, After the pilot has davelaopsd the srronecus perasption of straight and level while
flying the Dymasim, we can suddenly provide alternasting glimpaes of the wingman and a veridiocal visual
reference quiokly followed by demand to fiy by instruments in dreakeff from formation fiight, The
introduotion of sudden breaktoff, a phenomsnon not infrequently snoountered in formation flight, then pleces
the pilot perasptually in a pitah and roll not matched by instruments, which requires considerable mental
offort to maintain straight and level flight.

At this writing, we are developing prototype training scenarioca in stage one of cur program.
PFerformance ssneasment during the scenaric development will lead naturally intoc stage two, which aonsimta
of svaluation of new soncepts in instruments displays.

The Dynasim by virtue of its unique disorientating capabilities is & suitadle device to introduce
pilots te new orientstion displays beosuse a comparison of the pilot's ability to maintain or recover
ordentation oan be made under highly controlled oonditions inoluding a standardised workload. A limited
number of pilots have been introduced to the Malcolm Horizson (a pariphermnl vision display oconsisting of a
gyromatabllized laner bean projected onto the inetrument panel). Although the Dynasim has proven effeative
as & bool to assist best pilots in the development of the skill nenessary to utilise their peripheral
vision to monitor siroraft altitude, the Malcolm Horison has not besn well mocepted by the operational
oommunity, There was a tendency by fleet pilots to stars at the peripheral vision display utilizing it as
an altitude indioator (12), The Antroduction of any device that involves a changs in longeingrained skills
will not be easily mcoepted by seascned pilots, This 1llustrates the value of developing training
paradigms to facilitate aoquisition of naw skills.

A drawback of flight simulabors is the opportunity to develop and adop® strategies, which although
effeotive in the aimuilator may prove 5o be dissdvantageous on transfer 5o She airoraft. Altheugh not a
stroag atimulus in our soenarlc, the Owaxcess illusion (13) may contribute significantly to this
dizorientation in oconmercial devioss rated at 2 or more Us.  Uhen head movesents are disconoerting to a
pilot due to a combination of Gesxosss and oross-goupled stimulation, the pilot will tend to aveld or
mininine the motionegenerated stimulus by making smalier head movenents with larger devisticns of gase.
Although #till effactive in maintaining avareness under the condition pressuted by the Dynasim, suoh
movenents are not necessary in the siraraft environmsnt whers the cross-coupled effects are reduced due to
the large turning redius and thus reduced angular velooity.

Workshops and symposis directed towards the molution of situational awareness (14,1%) and spatial
disorientation repestedly point out that the unoor; channels of hearing, amdient vision, and
propriocsption have not bdesn adequately ubilizad. In mddition, the utiliustion of nenfoveal sensory
channels to mainbain airoraft situaticnal awareness will releass the central visual systes to foous on
aireraft {nformstion that oan only be obtained thrcugh oentral visien,

Moat spatial disorientabion sccidents are not dus to redical maneuvers. Mather, they ocour whrn
periods of visual distraction from instrument soanning auch s during intense gonoentration on ooovpit
suergenoles or exbernal targets perait the appreotation of non-varidical taotile and vestibilar st.muli.
The greatest soatribution to blologieally improve aerenautioal apatial orientation will be the pressntation
of attitude fnformation via a sensory ohannel that will permit oontinuous unintarrupted acsurate
informntion in a form readily and naturaily assimilated by the central nervous system to supplement the
inbersibient data available from central vision, In the day-bo-day terrestrial environmens, the vestibular
and kinesthebic/tactile channels provide this independent sccurate redundant information. The diffioulty
arises in transferring to the avintion environment where both vestibular and other propricaspbive sSenses
reglater inaccurately due to the oonbinuous fluobuation of the resulsant gravito-inertial foroe as well ss
illusions prodicsd by prolonged rotutions far outside the rangs of natural sotion experienced on the
ground; Awong the primary sensory cnannels normally respeasibie for orientabion the vestidular system is
nob readily aocessible, which leaves $he kinesthetic tactile channel and secondarily the auditory system as
oandidates to aid the visual system in orientatiom.
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™he kineathetisc taotile system has proven the moat difficult to sxamine and deteraines 1%8 relative
oontribution to orientaticn. Whereas, the visual and auditory chantels oan be rsadily manipulated
inoluding shubting on or off and the vestibular ayatem contridution determined using labyrinth-defeative
individuale, the kineathetio tuvtile wystem cannot be easlly isolated or manipulated aven in animals
without redically altering the blological system, lndeed, the omnipressnt kinesthetic taotile inforaation
interacts eo riohly with the vestibular auditory and visual systems that it is often the confounding
variable in psychophysioal studlas on orientatiocn peroeption.

On Earth, the vestibular systsm standing mlone can only asoartain orientation of the head, but when
noting in gonJunotion with kinsathetic and tmctile informabtion oan readily orisnt the individunl to his
body and earth or tho vehiole into whioh he i strapped:s This oloss relationship beginning sven at the
level of the first oenbtral nervous systenm relay augseata the opportunity to influence or override the
arrénscus asronautios) veatibular information with artifiolally epplied veridioal tacbile inputs. The
kinesthetio tactile system;, whish waa onos heavily stimulated ia the aviation uhivironment, has been
progreseively isolated over the past. %G yaars with the introduction of olossd cookpits, reduced forcs
Pasdback on ocatrols secondary to fly by wire teohnology, and signifioant reductions in vibration levels
with seat and aipframe deaign improvements. Por this reason, the tactile chanrel is the most logloal
onoise to introduce supplemental orientation information.

One primary purpose in developing the two spatial disorisntation parsdigms is to perait the evaluation
of the effeativeness of nonfoveal sengory channela in maintaining situstional awarensss either alone or in
aonjunotion with standard displays. In partioular, s one«to-one mapping ¢t the external environ-wnt onto
taotile fields {s planned, utilising a combination of taatile tiiusions to present mnd move the atimulus
with a limited number of stimuiators. Although signal reiiability and speed of response oan be improved by
additional informatlon channels, the possibility of multisensory oonfliot exists, When will tactile
propricoeption and/or wudition enhanoe visual contribution to orientation perception, and under what
olroumatances will saturation of information deorease performance or appreociation of orisntation? The
anavers to these questions, to be evaluatad in part on the Dynuaim, will determine the produats developed
for future mane-sachine interfacss 6 s0lve or anelicrate the long-sbanding problem of wituational
L TR

Reoommendations and Objectives

1. Cenbinue ground=based braining ubiliming demonstration truiners (1ike MADD) but with improved quality
of demonstrations, MNotion stimulus should not evoke symptoms of motion sickness. Foaus verbal training
pattern on maintaining orientation awarensss and disorientation prevention; aveid "apusement park®
demonstration. Training should immediately precede infiight disorientation demcnstrations with routine
scheduled refresher training every ) years,

2 Develop olossd~loop ground-tased trainers thab Cfoous on the most likely inflight disorisntation
noanarios. Avold rigorous conditioning-type training because of the possibility of transfarring negative
learning to the airoraft. Mors researsh is required in this ares. Ewphasise the maintenange of
srientation awareness. This training should precede aercbatios and formation fiight training with
refresher tradning every 3 years

3. Use mandn=the-loop formation flight soenario to develop prototype devices utilising nonfoveal sensary
channels to maintalin ordentation awareness.
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